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ABSTRACT 
The sabkhas of the Eastern Province of Saudi Arabia, some coastal some well inland, exhibit 
variation in clastic fraction, evaporite type, and brine composition. The clastic fraction 
largely reflects the local host lithologies with carbonate tending to be more important inland 
than on the coast. While halite is ubiquitous, its abundance is highly varied and it is derived 
sometimes by evaporation of brine, sometimes deposited as wind blown material. Gypsum 
forms mainly in layers and again has varied origins. It is particularly abundant where it 
occurs in the host rocks of the sabkha. The brines are of varied density and composition with 
the aquifer brines being sometimes relatively fresh while the shallow groundwater is nearly 
saturated in NaC1. The molar ratio of C1 to Na exceeds unity and varies up to about 1.4. 
Magnesium is also locally very high- especially where sodium chloride has been extracted 
from the brine. There are systematic relationships between the ionic concentrations with a 
numerical relationship occurring between sulphate, bicarbonate, magnesium, and sodium. 
Brine composition also relates to location but this appears to relate to brine/mineral equilibria 
with water origin and blending playing a lesser role. 
The water table has risen into a layer of some 3 metres of fill placed on Sabkhat A1 Fasl while 
the level, has remained unchanged in residual windows in the sabkha. Experiments show 
both seasonal and diurnal cycles in water level and that the rise probably relates mainly to 
lateral tlow of the groundwater. The flow reflects evaporation in areas where the capillary 
fringe broaches the ground surface. Where infiltration occurs it does not link up with the 
capillary fringe but evaporates to produce an embryonic salt crust where the salt is added 
from wind blown dust. Test beds show that the capillary fringe rises into fill by nearly a 
metre in a little over a year. The presence of salts in the fill, reduces the level to which the 
capillary fringe reaches. The fill is clearly ineffective and observed damage to construction 
and cultivation may be mitigated by the use of a more varied thickness of fill combined with 
the excavation of windows or drains in the original sabkha surface. Experiments in the use of 
capillary breaks show that though they slow the rise of mositure and salts they are not 
particularly effective and consideration needs to be given to the design of such breaks to 
make them more effective. They are however likely to prevent infiltration. 
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CHAPTER 1 
1. BACKGROUND AND SCOPE OF THE THESIS 
Sabkhas are prominent physiographical futures in the Arabian Peninsula. They are mainly 
found along the Arabian Gulf and the Red Sea, and are scattered inside the hinterland of 
Saudi Arabia (Figure 1.1). Sabkha was documented as a scientific term by Curtis et ul. 
(1963). Originally, the word is derived from an Arabic root used to described a tlat terrain of 
clay, silt, and sand that is encrusted with salt. Two major types of recent sabkha landforms 
are distinguished by Kinsman and Park (1969) as coastal sabkha and inland sabkha. Coastal 
sabkhas develop in the tlat coastal areas which seasonally and sporadically are wetted by 
marine flooding (Evans et aL 1969). On the other hand, inland salt tlats have developed 
where water flowing in wadis intermittently tloods topographic depressions to leave them 
damp and salt encrusted. In some cases they are also found in topographic depressions 
where the water table reaches or almost reaches the ground surface (Glennie 1970). 
Sabkha landforms are characterized by a tlat salty non-vegetated terrain associated with a 
shallow water table which in most cases is found at a depth of less than a metre from the 
surface. It has been noticed by several authors (e.g. Patterson 1972, Patterson and Kinsman 
1981) that the sabkha surfaces represent a state of deflation equilibrium, which means that 
raising or lowering of the water table in the sabkha system results in accretion or detlation of 
sediments respectively. During the hot dry Arabian summers, many recent sabkhas b m m e  
encrusted with salt due to evaporation of moisture brought to the surface by capillary action. 
Sometimes cracked polygonal structures appear in the surface. During and after rainfall the 
sabkha surface may be covered by a thin sheet of water. 
Sabkha landforms have been classified according to their distance from the sea (Shearman 
(1966). Kinsman (1969). and Patterson (1972)) by the type of sediment they contain, by the 
sedimentation processes going on within them, and according to their mode of formation 
(as discussed for example by Holm (1960) and Purser (1985). and by their mineralogical 
constituents (Gavish (1974), Levy (1977). Warren (1989) and Bahafzullal a ul. (1993). 
Sabkha is found in the scientific literature associated with several prefixes such as coastal, 
continental, inland and marine, argillam)us, arenamjus, eolian, and tluvial. Some authors 
wish to restrict the use of the word to describe only the tlat salty areas found in coastal 

regions. They refer to the flat salty areas of interior regions as salina (Warren and Kendall 
(1985), Aharon et at. (1977), Pethusot et al. (1972), or saline (Glennie (1970). Goudie and 
Pye (1983) used the term Playa to describe similar areas of the interior of hot dry deserts. 
Holm (1960), Powers et at. (1966), and Fookes et at. (1985), used sabkha for the coastal 
features while they called other similar inland features Mamllah or salina. For the purpose of 
this thesis the term sabkha will be used in its original general sense to describe the salt laden 
flat landforms in both inland and coastal regions. 
Sabkha deposits have attracted the attention of numerous geological groups during the 1960s 
specially in the south-eastern parts of the Arabian Gulf such as in the United Arab Emirates 
(UAE) and Qatar (see for example Kinsman (1964), Patterson (1972), Butler (1969), Wood 
and Wolfe (1969), Kendall and Skipwith (1969), Johnson et at. (1973), Curtis et at. (1963), 
Evans et at. (1969), Bush (1973), Emery (1956), Shearman (1966), and Russell (1974)). 
Studies were conducted on the UAE and Qatar sabkhas to investigate specific problems such 
as those relating to the hydrogeological setting (Patterson (1972), Hsu and Schneider (1973), 
McKenzie et at. (1980), and Patterson and Kinsman (1981)). Special studies were carried 
out on isolated sites in the south-eastern parts of the Arabian Gulf to evaluate the 
engineering, geological, and geotechnical aspects of sabkha for some construction projects 
(e.g. Epps (1980), Ellis (1973), Tomilson (1978), Fookes (1976), and Blight (1976)). 
Preliminary studies have been made by the United States Geological Survey (USGS) and the 
Directorate General of Mineral and Resources (DGMR) to evaluate the economic potential of 
sabkha deposits in the eastern Province of Saudi Arabia. In addition Johnson et at. (1973) 
and Smith (1980) studied the chemistry of the sabkha brines in the Eastern Province of Saudi 
Arabia. Attempts have also been made to characterise the sabkha sediments for engineering 
purposes (Abu Taleb and Ejeli (1981), Akili and Torrance (1980 and 1981), Akili and 
Ahmad (1983), Oweis and Bowman (1981), Jergman (1984), Al-Arnoudi et al. (1992), 
James and Little (1986 and 1994), Dhowian et at. (1987), Ali et at (1985)). Preliminary 
investigations of the hydrogeological framework of Sabkhat An Nabyyah and Sabkhat Al- 
Fasl in the Eastern Province of Saudi Arabia were made by Patterson and Al-Saafin (1982), 
and Al-SaaEin et at. (1985). 
In spite of the lack of information 'on the geotechnical aspects of sabkha sediments and their 
dynamics and the consequent absence of criteria for controlling urbanization on such soils, 
communities, infrastructures, and cultivated lands have been constructed in the last two 
decades on sabkhas in the Eastern Province of Saudi Arabia as well as other areas along the 
shore of the Arabian Gulf. .These constructions are located on various coastal deposits 
including to a considerable extent the local sabkha deposits. As an example the most 
important and major Saudi industrial complexes in Jubail, and a number of other urban 
facilities and cultivated lands, are being constructed or planned on sites partially occupied by 
sabkha landforms. Saudi Aramco has several thousand kilometres of pipclines that travcrse 
sabkhas. 'The high brine concentration in the sabkha has led to many leaks in the piplincs 
resulting from corrosion and causing lost production, increased maintenance costs and 
contamination of the sabkhas with crude oil. Severe deterioration of electrical grid tower 
foundations has also been o b s e ~ e d  in the Eastern Province of Saudi Arabia csp ia l ly  whcrc 
the foundations were placed in sabkhas. Until recently large companies located in Saudi 
Arabia sometimes buried their chemical waste in sabkhas. It is s u s p t e d  that such practices 
are contaminating the underlying groundwater aquifers used for drinking and agricultural 
purposes. It has recently been noticed that many problems have affected urban construction 
in sabkha areas. These problems include water table rise, cracks in roads and buildings, 
severe deterioration of concrete foundations, and deterioration of landscape constructed and 
planted on reclaimed sabkhas. Several researchers in sabkha landforms (e.g. Akili and 
Torrance(l981), Fookes eta!. (1985)) have reported that most of the problems encounterd 
in construction projects located in Saudi sabkhas come from the misconception that the Saudi 
sabkhas follow a model developed earlier for sabkhas in the United Arab Emirates and Qatar. 
'The problems could be caused by the following features. 
Decreasing soil bearing capacity due to flooding and seasonal tluctuation of water 
table level. 
High salt content in the sabkha soil and in brines which cause severe chemical 
damage to underground constructional materials. 
Volume changes in the sabkha regimc due to crystal growth, hydration and 
dehydration, or to salt solution. These changes may cause settlement or heave of 
structures placed on or in the sabkhas. 
Heterogeneity of sabkha deposits at a given site may cause differential settlement or 
heave. 
Migration of salts from hypersaline groundwater towards tht: surface because of 
evaporation and capillary transference may cause deterioration of building 
foundations. 
Disturbance of the natural equilibrium of the sabkha regime by covering the sabkha 
surface with fill materials which may lift the hypersaline water table causing 
excessive settlement and corrosion problems in structures founded on the sabkha 
deposits. 
At the beginning of the present work the contemporary experience showed that the following 
questions could not be answered in a satisfactory way. 
To what extent is reclamation a successful means of minimising problems due to thc 
salty soils in hyperarid climatic conditions? 
Will reclaimed sabkha with its natural equilibrium disturbed, remain suitable for 
structures or will the fill material become new sabkha? 
Is the reclamation of coastal sabkhas by placing 1 to 3 m of fill upon them an 
adequate technique for separating new construction on the sabkha terrain tiom the 
highly aggressive sabkha brines? 
What is the effect of particular types of fill material (e.g. dune sand or d redgd  
materials) on water table rise, excess salt in the capillary fringe, and salt migration 
within the reclaimed soil? 
Are the currently practised standard laboratory test programs, systems of soil 
classification, and the engineering design technique, adequate for such challenging 
heterogeneous and aggressive sediments? 
What is the relative importance of the severe climatic conditions, artesian flow 
process, the evaporative pumping mechanism, sabkha cycle development, particular 
sabkha constituents, and of the diagenetic processes taking place in the sabkha on the 
geological and geotechnical hazards encountered in the sabkha landform? 
Is it necessary to introduce protective or remedial measures to minimise the seen and 
unseen risks in the urban facilities built in sabkha areas? 
There is limited international experience of construction in sabkhas and a lack of standard 
specification where sabkha sediments form foundation soils or the sub-base to roads. 
Knowledge is lacking of the inter-relationship between the basic sabkha characteristics and 
engineering applications. Lacroix (1980). for example, stated that standard sub-surface 
exploration programs are inadequate for investigation of sabkha and that the usual soil 
mechanics rules may be insufficient for the prediction of the long term behaviour of 
foundations built on sabkha. 
This research study is therefore devoted to obtaining a thorough understanding of thc 
characteristics of the sabkhas of the Eastern Province of Saudi Arabia, including their 
documentation and classification. A case study is reported of the mechanisms of moisture 
rise and salt migration in reclaimed lands at Sabkhat A1 Fasl. From such a thorough 
understanding of these basic characteristics and the behaviour of the sabkha regime under the 
local conditions, and their impact on engineering applications, it is hoped that benefit will 
arise to engineers and planners. The country will be helped in urbanizing and living in 
harmony with the vast Arabian sabkha terrain. 
In brief, the main objectives of the proposed research were as follows: 
(i) Examine and characterise, in some detail, the sabkha landforms in the Eastern 
Province of Saudi Arabia. 
(ii) Study the engineering implications of disturbing the natural equilibrium of 
sabkha in the Sabkhat Al Fasl through placement of a thick sand blanket on 
the sabkha surface. 
(iii) Study the mechanisms of moisture rise and salt migration in the reclaimed 
soils placed on the sabkha sediments undcr the prevailing climatic conditions. 
(iv) Evaluate the validity and efficiency of capillary break systems in the 
reclaimed soils. 
(v) Quantify the amount of water that could be harvested from the sabkha surface 
as a result of the continuous evaporative pumping mechanism taking place 
within the sabkha. 
1.3 LOCATION AND SCOPE OF TI1E PRESENT STUDY: 
The study reported here was designed to investigate the major sabkhas located in the eastern 
parts of Saudi Arabia and the implications for engineering purposes. Special emphasis has 
been given to Sabkhat Al Fasl which has been largely reclaimed. The area studied lics 
between latitude 250 OO'N and 2g0 OO'N, and longitude 48O OO'E and 51000'E. It  is bordered 
by the Arabian Gulf in the East, As Summan plateau in the West, Ad Dibbdibah plain in the 
North and Rub al-Khali sand dunes in the South. Special emphasis has also bwn givcn to 
studying the general framework of Sabkhat Al Budu and Sabkhat A1 Faw which contain 
distinctive inland and salt-laden deposits (Plate 1 and Figure 1.2). The research was 
undertaken in three phases. 
1.3.1 Phase 1 
In Phase 1 effort was concentrated on collecting and reviewing relevant available information 
and locating and mapping the major sabkhas distributed throughout the Eastern parts of 
Saudi Arabia. During the period from October 1992 to January 1993 a total of eight sabkhas 
were visited to study their physiographical features. Soil and water samples were collected 
and analysed for their chemical and mineralogical components. From the results obtained in 
these reconnaissance visits as well as information obtained from the literature, the locations 
and characteristics of the sabkhas were defined. A comprehensive engineering geological 
map showing the distribution, main sabkha characteristics, and physiographic t'eaturcs 
surrounding the sabkhas was prepared. Prior to the field work and laboratory testing program 
thorough literature reviews and analysis of the relevant maps and landsat images were carr id  
out. 
1.3.2 Phase 2 
In Phase 2 effort was concentrated on field activities in Sabkhat A1 Fasl, in the Jubail area. 
Some eight pits were opened in undisturbed parts of the sabkha as shown in Plate 2. 
Sections in each pit were observed to study their stratification, and the sediment and 
mineralogical types and their mode of occurrence. A limited number of sabkha scliiments, at 
varied sampling intervals, and sabkha brines from Sabkhat Al Fasl were collected for 
laboratory testing to determine their chemical and mineralogical characteristics. Multi- 
purpose engineering maps of Sabkhat Al Fasl before reclamation and under the present 
conditions of reclamation have been constructed based on previous records and the 
information collected during the present research. The maps present the major 
physiographical features and hydrogeological settings encountered in this major sabkha. A 
field research station including eleven different test beds was established and furnished to 
investigate the moisture rise and salt migration behaviour in reclaimed soils, and to evaluatc 
the efficiency of capillary break systems as remedial or preventative control measures. 
Figure 1.2: General map showing the boundary and location of the study area 
in the eastern parts of Saudi Arabia. 
Phase 3 again concentrated on Sabkhat A1 Fasl and involved monitoring the field 
installations and collecting soil and brine samples for analysis in the laboratory. During this 
period of detailed work, water table tluctuations of 18 existing observation wells within the 
Royal Commission (R.C.) site were monitored on a monthly basis. An extensive soil 
sampling program was carried out periodically to monitor the moisture and salt contents 
above the water table within reclaimed areas and in natural sabkha sediments in the test beds. 
In addition, about 90 soil samples from test beds were analysed chemically in October 1993 
and January 1994 to determine the rate of salt migration within the fill materials above the 
sabkha brine. Water samples from the 18 existing observation wells were collected in the 
summer and winter seasons to determine the seasonal chemical changes in Sabkhat Al Fasl 
due to the natural and possibly human activities. The laboratory testing program for the soil 
and water samples during this study was conducted using the techniques of ICP, IC, XRD, 
and using the facilities at the KFUPM/RI. The fieldwork and laboratory testing program of 
the study were completed during the period between October 1992 and December 1993. 
Since the moisture and salt migration into the fill materials had not reached the equilibrium 
state in December 1993, further investigations were carried out in January, April and 
September 1994 to follow up the phenomenon of moisture and salt migration from the 
sabkha brine into fill materials. 
1.4 SUMMARY OF WORK UNDERTAKEN AND RESULTS: 
1.4.1 Work undertaken: 
The author has surveyed over several field visits the major recent sabkha landforms 
distributed in the eastern parts of Saudi Arabia. For comparison purposes, some other salt- 
laden deposits at Al Faw and Yabrine area at the periphery of Ar Rub Al Khali (Empty 
Quarter) have been studied and sampled during this study. Details of the field visits are 
given in a later section but an outline is listed in Table 1.1. This work has involved 
surveying the sabkhas and their environment in areas remote from construction and in the 
areas in which construction is widespread. In addition, soil samples have been taken in 
profile from pits in eight sabkhas. The depth to the water table has been measured in each 
sabkha and a representative water sample of each sabkha has been collected and analysd. 
The present condition of Sabkhat A1 Fasl after reclamation has been investigated throughout; 
studying and mapping the physiographical features and muwr ing  the water tablc changes 
and water chemistry under the present conditions at 18 select4 observation wells. An 
automatic water table recorder has been installed in a remote undisturbed part of this sabkha 
to study the impact of diurnal variations on the phenomenon of moisture and salt migration 
into reclaimed soils. Records of water table changes in the entire reclaimed u r b a n i d  parts 
of Sabkhat Al Fasl and the climatic conditions (air and soil temperature, humidity, and wind 
speed) over a period of 10 years (1982 to 1992) and during the experimental period (1993 to 
1994) have been collected from the Royal Commission (R.C). office and analyzed. The depth 
of the water table and the capillary fringe have also been monitored at selected sites within 
the reclaimed parts of Sabkhat Al Fasl to determine the mode and magnitude of the 
geological and engineering hazards aggravating the urbanization program that is established 
on the reclaimed sabkha system. Test beds created in 11 locations have been used to monitor 
the rate of moisture and salt rise in two soil types used in reclamation, dune sand and dredged 
materials, the impact of salt-contaminated soils on moisture rise, and the affects of the 
introduction of capillary breaks. 
Some of the collected samples were bulked to give average compositions and to reduce the 
amount of laboratory work. However, many individual samples have been analysd 
including chemical analyses of soil and extracted water, mineralogical analyses made by X- 
ray diffraction, and determination of a range of physical properties (see Table 1.2). The 
author organised the analyses, prepared the samples and obtained data using the various 
procedures including chemical analysis by inductively coupled plasma (ICP) procedures, ion- 
chromatography (IC), and X-ray diffractometry (XRD). After completion of the construction 
of test beds and during the experimental program (August 1993 to September 1994), the 
author collected some 792 soil samples. These soil samples have been subjected, by the 
author, to a laboratory testing program to determine the moisture content. Soil extractions 
(1:lO ratio of soil to water) have been also prepared for 293 samples to determine the major 
chemical parameters that mark the potential salt migration from the sabkha brine (Table 1.3). 
1.4.2 Outline of results: 
The results of the work lead to several broad conclusions (Table 1.4). In essence it has been 
shown that the sabkha types have distinctive compositions which are attributed to different 
mechanisms of formation. Inland sabkhas are characterized by low silica (low quartz), high 
carbonate and gypsum and low halite. G~astal sabkhas are dominated by quartz and have 
high halite in thc evaporite fraction. Clay gradc and clay mineral substancc is also relatively 
abundant. Sabkhas in intermediate domains have mixed characteristics. The characteristics 
are influenced by the origin of the water supply and the type of source providing the clastic 
components. The occurrence of gypsum relates mainly to its presence in the local substrate 
while the halite relates to distance from the coast as well as the age of the sabkha dcpc~sits. 
Studies in the urban areas have allowed data to be obtained on the intluenw of reclamation 
and the effects of the substrate and groundwater on the reclamation and cc~nstruction. In 
essence this shows a general rise in water table and transportation of evaporite phasu to 
higher levels and into construction materials following the development. Continuous 
monitoring of water table changes in the sabkha system shows that a substantial amount of 
water could be harvested from the sabkha surface during the summer months due to the 
evaporative pumping mechanism. Such water could be used in the sand dune afforestation 
and for other agricultural purposes in sites close to the sabkha landform 
Table 1-1: A summary of the field investigations carried out during the research 
period (October 1992 - September 1994). 
Dates 
October 1 9 2  to 
December 1993 
(Some extra 
excavations in 
sumer lW3)  
January 1993 
March 1994 
Area 
Eastern Parts of Saudi Arabia: 
(Sabkhat As Sarrar, Half moon, 
Azizia, Abu Al Hamam, AI, Ar 
Riyass, As S u m ,  Al Fasl and 
Al Budu)) 
south-eastern parts of Saudi 
Arabia: (A1 Faw site) 
Sabkhat A1 Fasl 
(Natural setting at the present 
conditions) 
Activities 
Studying the physiographic features detecting the 
1 depth to water table, studying the sedimentological I 
sequence in subsurface setting, and collecting 1 
representative sabkha sediments and water samples 
of each sabkha. Meanwhile, studying the I 
geomorphic setting surrounding each sabkha. 
For comparison purposes, old salt-laden deposits in 
vicinity of the archaeological site at AI Faw area in 
peripheral of the Empty Quarter were collected. 
Comprehensive field investigations were carried out 
to study the natural setting encompassing the 
reclaimed parts of Sabkhat Al Fasl: A number of 
excavations were opened in the undisturbed patches 
of sabkha to study the mode of sabkha sediments 
distributed in this sabkha. Sabkha protiles above the 
water table were studied, soil and water samples 
were collected from each open-pit. 
Physiographic features encountered at the sabkha site 
were studied and recorded in an engineering 
geologic map. 
Eighteen observation wells representing the different 
physiography at the sabkha site were monitored 
monthly, and water samples were collected in July 
1W3. A site for a research station was selected in 
August 1993 
July 19Y3 to 
(Operational activity at the test 
station) 
within the boundary of the research station. 
Specification and operational program of these test 
plots were designed by the author with close 
supervision of Dr. French, and operation activity, 
machinery, labours have been supported by the RI- 
Sabkhat AI Fasl 
the upper northern undisturbed pan. 
Eleven test plots were constructed and furnished 
September 1993 
to September 
1994 
Sabkhat a1 Fasl 
(Test Station) 
KFUPM. 
Monitoring the moisture and salt migration within 
the test plots, ujllecting the required wil samples. 
Monitoring the water table tluctuations at each test 
plot periodically. Inspected the height of moisture 
zone frequently. 
Table 1-2: A summary of sampling and laboratory testing pnlgram at the major 
sabkhas in the eastern parts of Saudi Arabia. 
(*)Summarized from USGS 1980 and Dimock 1955 
Table 1-3: A summary of sampling and testing program at the test station during 
the experimental period (August 1993 - September 1994). 
Table 1-4: Summary of the results obtained during the current research study 
period 
A..pects 
 omp position 
Character 
Evaporites 
Results 
halite as Na2O = 6%, 
gypsum as SO3 = 4%. 
halite as Na2O = 3%, 
gypsum as SO3 = 14%. 
The predominant harsh climatic conditions of high temperature, mild humidity, stnmg wind speed 
in the study site are always enhancing the evaporation rate from the soil surface which mrresp)ncls 
to enhance the soil suction, moisture and salts migration from the sahkha brine. 
halite as Na2O = <I%, 
gypsum as SO3 = 23%. 
Brine 
Sabkha 
System 
Influence of 
construction 
(urbanization) 
Ambient 
conditions 
Lacustrine / Old salt deposits: 
Matrix quartz as Si02 = 5%, 
Carbonates and clay as 
CaOtMgOtAl203) = 44%. 
Coastal sabkha: 
Matrir: quartz as Si02 =70%, 
Carbonates and clay as 
CaOtMgO+Al203 = 13%. 
Inland sabkha: 
Matrir. quartz as Si02 = 
40%. Carbonates and clay as 
CaO+MgOtAl203 = 23%. 
m K / n ~ r  = 10-31. 
Silica, Carbonate, Halite 
and Gypsum System. 
(see chapter 3) 
Ground surface elevation of 
sabkha landform before 
reclamation (1977) ranged 
between +2 to t3.8 mRCD. 
Present ground surface 
elevation after reclamation 
ranges between +55  and t 6  
mRCD. 
(see chapter 4). 
m K / n ~ r  = 100. 
Silica, Carbonate, 
Gypsum, Halite System. 
(see chapter 3) 
Shallow pn~undwater table at 
the sabkha terrain before 
reclamation (1977) was 
encountered between t 2  and 
t 4  mRCD. Present water 
table under a great part of the 
urbanized sabkha site ranges 
from t 3  to t 5  mRCD. 
Dry landform. 
Carbonate / gypsum, Silica 
System 
(see chapter 3) 
Fill materials: About 60% of 
Sabkhat Al Fasl has been 
reclaimed by 1 to 3 m thick of 
till materials to build MAJAS. 
Two types of materials, namely 
Dune sand (S) and dredged 
materials @), have been moved 
from the sand dunes area and 
from the Gulf respectively. 
Air Temperature: 
During the 
summer air 
temperature 
varies from 20 to 
35 OC, it falls 
during winter 
months to 
hetween 10 and 
20 OC A 
distinctive 
diurnal variation 
is also observed. 
see chapter 6) 
Relative 
Humidity: 
Relative 
humidity over 
the study site 
ranges from 30 
to 40 36 in the 
summer and 
reaches to 60 36 
in the winter 
months. Diurnal 
variations in 
relative 
humidity also 
Evaporation 
- rate: 
The study site is 
located within 
the arid part of 
Saudi Arahia, 
whereas the pan 
evaporation 
reaches ahout 
3038 mm/year, 
and the annual 
rain fall is less 
than 100 mm. 
Soil temperature: 
Temperature in the 
upper 5 cm of soil 
column ranges from 22 
0 
to 36 C in the summer 
and drop to 13 OC in 
winter. 
It is found that the soil 
temperature below 30 
cm from the surface 
ranges from 25 to 30 
0 C through the year. 
Wind speed: 
Strong mono 
directional winds a n  
characterized the study 
area. Predominant 
wind sped ranges 
from -2 to 5 m/s 
during the winter 
months, and reaches to 
10 m/s during the 
summer months. 
Winds direction is 
mainly N-NW 
Table 1.4 Continued 
-- 
Soil suction Capillary action, evaporative pumping mechanism, and p~ssibly the artesian prassure are major 
factors affecting the moisture and salt rise in the reclaimed dry soils Sabkhat Al Fasl, Jubail area. 
Results show that the maximum height of soil suction in dune sand and dredged materials is about 
100 and 110 cm respectively during the study period (409 days). High salt content in (SS and DS) 
decreases the rate of moisture rise compared to the non salty soils (S and D). Capillary break 
system compsed of fabric -gravel-fabric system and placed above the capillary fringe shows high 
efticiency in controlling the moisture and salt rises in the sandy soils compared to the grdvel 
breaking system. 
I 
Water harvest I Continuous records of water table decline in the summer months effected by evaporating pumping I from sabkha I have caused a fall of about 8 8m3'cm21year. This means that a substantial amount of distilled water I ( surface ( could be harvested from the sabkha surface and used in a number of vital projects in the vicinity of I 
Management r sabkha landforms (e.g. sand dune Management of evaporation: I sabkha defines as surfaces of equilibrium. To maintain the 
natural equilibrium of these 
surfaces under the prevailing 
conditions, the rate of 
evaporation from the sabkha 
water regime through the (80 cm 
thick) soil column should be 27 
w e a r .  Therefore, it is 
suggested during the p l a ~ i n g  
stage of urbanization program in 
sabkha landform to keep some 
area of the natural sabkha 
without reclamation as 
evaporation windows . 
afforestation and agricultural prr>grams). 
Management of reclamation: 
Results of this research detected 
that the evaporation rate from the 
sabkha surface decreases with 
increasing the soil column placed 
on sabkha surface. Therefore, 
attention should be given to 
treating the sabkha as a dynamic 
regime. The water table will rise 
whenever the natural sabkha 
regime is disturbed. Thickness of 
fill materials should be designed 
according to the experienced rate 
of evaporation as discussed in 
chapter 5. 
Management of 
u)nstruction materials and 
capillaw break systems: 
Number of geological and 
engineering hazards were 
experienced in the 
reclaimed sabkha site such 
as fractures and cracks in 
structures and n ~ d s ,  
cornxion in foundation. 
and undergn~und pipes, 
and landscaping problems. 
Such hazards have resulted 
from deterioration of 
construction materials and 
are aggravated by moisture 
and awxiated disfolved 
salts that are rises from the 
sabkha. An adequate 
capillary break system 
should be designed and 
implemented in the initial 
stage of mnstruction. 
Design material, location, 
specitication should be 
defined according to the 
naturil setting of sabkha 
CHAPTER 2 
2. NATURAL SE'ITING OF SABKHA LANDFORMS IN THE 
EASTERN PARTS OF SAUDI ARABIA 
The sabkhas found in the eastern parts of Saudi Arabia are widespread throughout the 
lowland areas especially in the coastal areas, between dunes, and in topographic depressions 
in the inland areas as shown in Plate 1. It is thought that these extensive sabkhas were 
developed under different conditions. It is therefore vital to study the natural settings of the 
sabkhas within the area under investigation. 
This chapter describes the principal components of the natural sabkha settings that largely 
control or influence the genesis, dynamics, and development cycles of the sabkha systems. 
These factors include physiographical features, geological and structural features, the 
hydrogeological framework, and the climatic conditions. 
2.2 PHYSIOCRAPHICAL FEATURES 
Elevations within the area encompassing the sabkhas are less than 100 meters above the sea 
level (masl), except in the western parts where they rise to about 250 masl on the edge of the 
As Summan plateau (Figure 2.1). The ground surface within the study area gently slopes 
towards the Arabian Gulf as shown in Figure 2.2. The most prominent physiographical 
features within and surrounding the area are the coastal plain, the remnants of rock outcrops, 
old drainage systems, vegetation belts, and oases and these are described in the following 
paragraphs. The configuration of the various features surrounding the sabkhas havc a 
significant influence on the sabkha formation and as a consequence these sabkhas amtrast 
with those of the UAE and Qatar in the south-western parts of the GulC 
2.2.1 Coastal plain: 
The eastern coastal plain represents the lowland terrain between As Summan plateau on thc 
west, and the Arabian Gulf on the east. It includes three distinct physiographic units as 
follows. 
The flat, peneplained, area of low relief found in the northern parts of the area which 
are coastal flats covered by sand, and gravel, that extend along the Gulf for 550 km 
and have a width of some 60 km. 
Eolian sands which form an irregular unstable surface. The sands make barchan, 
parabolic and dome sand dunes, as well as vegetated and bare sand sheets. T h e e  
landforms form the Jafurah sand sea that extends tiom Jubail to Rub A1 Khali as 
shown in Figure 2.1. 
Sabkhas are found throughout this region. Those within the coastal plain are 
sometimes connected directly to the Gulf, while others are currently cut-oft' by sand 
bodies. Some patches of sabkha are found between sand dunes. 
2.2.2 Rock outcrops: 
Rock outcrops represent remnants of scarps which now make rounded hills and mesas in 
different parts of the area. The most prominent hills are found immediately along the coast in 
the Jubail and Dohat Salwa area. These features, and their relatively high relief have a great 
influence on the Saudi sabkha systems, not only in the sabkha constituents they supply, but 
also in controlling the sabkha development. 
2.23 Paleodrainage system: 
Although evidence of old river systems (paleodrainage) is widespread throughout the eastern 
parts of Saudi Arabia (Wadi Ar Rimah, Wadi Al-Batin, Wadi Atk, and Wadi As Sahbah) as 
shown in Figure 2.1, there is no clear evidence of paleorivers crossing the coastal sabkha area 
though wadis run into inland sabkha areas. Low ephemeral drainage patterns occur due to 
the slight local elevation differences. These intermittent streams have cuntributd to the 
feeding and replenishment of the sabkha brines. 
22.4 Vegetation belts and oases: 
Aerial photographs, and field reconnaissance has shown that several oases and isolated wild 
palm trees are scattered across the Eastern Province of Saudi Arabia. The most conspicuous 
site located within the area, is the prominent vegetated belt extending from Sabkhat A1 Azizia 
to Sabkhat Al-FasVAs Summ adjacent to the western side of Sabkhat Ar Riyyas. The general 
trend of this vegetated belt is north-northeasterly. Other'oasa are scattered within the 
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Figure 2.2: General map showing the relief and slope of ground surface in the 
study area. 
vicinity of sabkha landforms; such as Sabkhat As Sarrar which is located adjacent to As 
Sarrar oasis and wadi Al Miyyah, and Sabkhat A1 Khunn (Budu) which is situated near 
Yabrin and Al Khunn oases. 'Ihese oases show clear evidence of leakage from deep aquifers 
(Job (1978). 
The geological framework of the sabkha systems has been described in detail in a series of 
published reports and maps (Geological and topographical maps, (1959, and 1979), Powers 
et aL (1966), Bakiewia et aL (1982), and Edge11 (1989)). Plate 1 shows that the regions 
surrounding the present sabkhas are characterized by surface outcrops of Tertiary carbonate 
rocks, with significant areas covered by Quaternary deposits such as dunes, sand sheets, 
sabkha deposits and gravel sheets. 
23.1 Stratigraphy: 
The relevant lithological and stratigraphical sequences are summarized from the 
stratigraphical column of Saudi Arabia, (Powers et aL (1966)) and the field observations 
made by the author as follows. 
(i) Tertiary rocks: 
These rocks are exposed in the western part of the area under investigation and in some 
remnant hills scattered throughout the area. They comprise the following succession from 
oldest to youngest. 
Rus m), and Dammam (Tdm) formations: 
These formations are mainly limestone, dolomite, marl and chalk with thin 
layers of gypsiferous shales (Powers et al. (1966), Steineke and Bramkamp 
(1952), and Tleel (1973)). Available geological maps, satellite images, and 
field observations show an absence of sabkha deposits in these formations. 
Hadroukh (Th) and undifferentiated (Tsm) formation: 
'Ihese formations include rocks exposed in various parts of the area as shown 
in Plate 1. They rest unconformably on the Dammam Formation, and are 
composed of calcareous silty sandstone and sandy marl with some sandy 
limestone. Most of the sabkha systems arc sitting on or are surrounded by this 
formation. 
Dam formation (Td): 
This formation represents the upper Tertiary outcrops in the area. It is exposed 
as remnant hills in various locations as shown on Plate 1. It consists mainly of 
clay and marl layers interbedded with thin layers of gypsum, limestone, and 
sandstone. 
Hofuf Formation (Thf): 
This formation occurs as limited scattered outcrops in the study area. It 
consists of sandy mark and sandy limestone with a minor amount of 
calcareous duricrust (Chapman (1974)). Previous and present studies reveal 
that there is no evidence of sabkha deposits in this formation. 
(ii) Quaternary Deposits: 
Quaternary deposits cover large portions of the area as shown on Plate 1. These deposits 
include eolian sand, gravel sheets, and sabkha deposits. 
Eolian sand (Qes) 
Significant parts of the area are covered with eolian sand bodies (sand dunes, 
and bare and vegetated sand sheets). These units are mainly composed of fine 
to coarse quartzose sand and minor amounts of carbonate materials. T r a m  of 
feldspar and heavy minerals have been observed in these sand bodies (Anton 
1984). Most sabkha deposits are associated with these sandy units. 
Sabkha deposits (Qsb) 
Sabkhas, the distinctive features in the area. are u)mp)seci of heterogcneous 
sediments. These are mainly sand and silt with a clay tiaction as matrix 
material. The clastic grains are mixed with a varied assemblages of cvap)ritcs 
including much halite and gypsum, together with minor amounts of anhydrite, 
calcite and dolomite. 
Gravel sheets (Qg) 
Gravels are distributed along the intermittent wadis and in low basins, and are 
composed mainly of quartz mixed with limestone fragments. Some cemented 
beach gravel and sand deposits also occur as small mesas along the shore (e.g. 
Jubail area). 
23.2 Structural features: 
Geological structures in the eastern parts of Saudi Arabia are of interest to several groups in 
petroleum geology and hydrogeology. No surface evidence of major faults, shear zone, or 
fractures, exists, and a number of authors such Bakiewicz et al. (1982), and Tleel (1973) 
considered that the western side of the Arabian Gulf, which includes the study area has been 
remarkably stable from the Paleozoic to the present time. Other researchers reported that 
some fractures are associated with major folds in this region. Based on deep drilling and 
geophysical data, A1 Sarawi (1980), Edgell (1989 and 1992) reported that the most 
prominent structures in the eastern parts of Saudi Arabia are restricted to a deep series of N-S 
trending anticlines and synclines as shown in Figure 2.3. They reported that the folding 
mechanism was initiated in the late Precambrian and that it has been periodically reactivated. 
Edgell (1991) also indicated that the whole sedimentary succession in this region has 
suffered remarkably little deformation since deposition and that it dips at less than lo away 
from the As Summan plateau towards the Arabian Gulf. He also reported that the 
prominence of the Hofuf formation over the Ghawar anticline indicates reactivation of the N- 
S trending folds, which probably continued until the end of the Pliocene. 
Satellite imagery (Figure 2.4) showed that sabkha alignments in the Manifah area are 
oriented N-S which is almost parallel with the major deep anticlinal axes, although, the 
general trend of the Arabian Gulf in this area is NW-SE. It would therefore a p p r  that the 
coastal sabkha system in the north-western parts of the Gulf with its NE-SW orientation, is 
not related to the present coast line. 
A relationship between structures in the eastern parts of Saudi Arabia and the sabkha 
lineaments has been observed and documented by the author to elaborate the control by 
major structures over sabkha development in the area. A rose diagram for about 150 sabkha 
alignments in the study area has bwn compiled and is presented in Figurc 2.5. This 
Figure 23: Mepr structuml elements in the eastern parts of Saudia Arabia. 
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Figure 2.5: Rose diagram showing the general trend of sabkha elongation and 
deep folding system in the eastern parts of Saudi Arabia. 
West East 
Al Jubail 
Raprastrntotive TDS concentration (mg/l) 
Dirrction of groundwater movement \ 
Saline water - 
Figure 2.6: Regional hydrological cross-section in the eastern parts of 
Saudi Arabia, (after Bakiewicz et. al, 1982) 
illustrates the inland sabkhas such as Sabkhat As Sarrar and other sabkhas adjaccnt to 
Manifah area that have been developed in highly weathered carbonate rocks which broadly 
trend in a north to northeast direction. Accordingly, these distinctive sabkhas are parallel or 
sub parallel with the major deep fold axes of the Ghawar anticline, and Maaglah, and 
Kharsanyah anticlines, as shown in Figure 2.3. This conclusion conforms with the 
suggestions postulated by Dincer et al. (1973) and Job (1978) and means that the materials 
encompassed by the inland sabkhas and the Manifah sabkha systems may be affected by 
fracturing and discontinuities related to folding. 
?here is a possibility of a contact between the deep aquifers in the underlying rocks and the 
sabkhas along these fracture zones. Italconsult (1969) and Bakiewicz et al. (1982) reported 
that the possibility exists of replenishment of some of these sabkhas with leakage water from 
deep aquifers through the effect of artesian pressure. Thus, the sabkhas in the study area are 
strongly influenced by the surrounding lithologies and structures. 
2.4 HYDROGEOLOGICAL FRAMEWORK 
Inflowing surface and subsurface waters entering the sabkha basins have a significant impact 
on the control of the sabkha systems. It has been established that Saudi sabkhas within the 
present area are replenished by marine water, rainwater, and/or meteoric groundwater. The 
main aquifers that occur under the eastern parts of Saudi Arabia that may influence the 
sabkha formation are UER aquifer, Aruma Aquifer, Alat aquifer, and Al-Khobar Aquifer 
(Naimi (1965), Bakiewicz et aL (1982) and Edge11 (1989)). For the purpose of this study the 
distinctive parameters of the hydrogeological framework of the sabkha regimes are restricted 
to the correspondence of groundwater tlow (artesian flow from deep aquifers), and the 
discharge windows (the sabkhas). Several authors have summarized the interrelationship of 
the hydrogeological framework of alternating aquifers based on isotopes and piezometric 
data. Figure 2.6, developed by Bakiewicz op. cit., illustrates both horizontal and vertical 
flow components. It shows that the general groundwater flow in the alternating aquifers is 
mainly from west to east towards the Arabian Gulf. Some evidence indicates that deep 
aquifers sometimes transfer water vertically so that it reaches the ground surface. 
Extensive studies of water loss through evaporation windows in the eastern parts of Saudi 
Arabia (Pike (1970), Italconsult (1969), Bakiewicz op.cit.) showed that this water loss is the 
main natural discharge system affecting the shallow and deep hydrogeologic frameworks of 
the area. A special study established by the Ministry of Agriculture and Water (MOAW) 
has estimated that the evaporation loss from the sabkha surfaces in the eastern parts of Saudi 
Arabia is 855 Mcm/y (million cubic metreslyear). This amount e x d s  the total annual 
recharge by rainfall and from the Dammam and Neugene aquifers in the same area - which is 
estimated as 224 Mcdyear by Bakiewicz et al. (1982). These studies estimated that the rate 
of evaporation from the sabkha surface in the Eastern Provincc: varies between 6 to 10 
cdyear.  Similar values were found in Sabkhat An Nabiyan (Pike (1970)) and Sabkhat Al- 
Fasl. 
Although rainfall is scarce over the sabkha landforms, it has been observed that rain 
floodwater covers several sabkhas for almost three months after the winter season. Such 
inflow water that enters sabkhas carries a considerable mount of carbonate and sand, and 
modifies the evaporite assemblage within the sabkha by increasing the halite on the sabkha 
surface. 
Marine water supplies the sabkhas found immediately along the coast. Water flows or seeps 
into the sabkha systems and is controlled by tidal effects. Williams (1974) described thrce 
different tides that occur in the Arabian Gulf area. Diurnal tides occur once every day due to 
the Lunar effects. Mixed tides occur twice every day due to the location and declination of 
the moon and sun. Astronomical tides are also influenced by winds and barometric pressure. 
A combination of extreme tides and storm surges can lift the water table high enough to 
cause flooding of low lying coastal areas. 
An automatic water table recorder was installed at the test station, specifically for this 
research, to study the effect of the tides and evaporative pumping mechanism on the water 
regime of Sabkhat Al Fasl. Hydrographic records of fluctuation of the water table in the 
coastal parts of Sabkhat Al Fasl are shown in Figure 2.7. These represent remarkable diurnal 
changes in the sabkha brine water level. A fall of water level occurs during the day and a rise 
during the night. The daily decline in water level is due to the withdrawal of groundwater 
through the capillary mne, and the rise at night is due to upward movement of water through 
marine replenishment, through lateral seepages or through vertical feeding though leakage 
from deep aquifer. Such observations in the tidal zone and at 10 km from the Gulf shore 
indicate, clearly, the intluence of the subsurface marine water or deep water inflow into the 
sabkha system to maintain the water that is dissipated by the effects of the evaporative 
pumping mechanism. Flood recharge along the coast and flood water mixing with the brine 
in the sabkha system has a significant intluence not only on the feeding of the sabkha brine 
but also in mineral formation (Butler (1969), Purser (1985)). 
2.5 CLIMATIC CONDITIONS 
The Eastern Province of Saudi Arabia is classified climatologically as an arid to extremely 
arid region (Meigs 1953). It is characterized by high temperatures, frequent strong winds, 

variable humidity, excess of annual evaporation over precipitation, and very low annual 
precipitation. Heavy showers, and extended sand storms can be expected, This region is 
characterized by strong north-north-westerly winds (shamal) (Williams (1974)). The 
meteorological information over the Eastern Province from 1935 shows that there is a 
considerable variation between the records in the coastal and inland areas. The principal 
factors that affect these records are altitude and proximity to the Arabian Gulf. For the 
purpose of this study, two representative stations have been selected within the study area; 
Ras Tanura in the coast, and Yabrin inland. A summary of recent available climatic records, 
for these stations, over the period from 1960 to 1976 was obtained from Williams (1974) and 
the Climatic Atlas of Saudi Arabia, (1988) and is given in Table 2.1. The main purpose of 
the following discussion is to elaborate, to a certain extent, the present prevailing climatic 
conditions encountered over the sabkha systems, and to draw attention to the effect of these 
parameters in the formation and control of sabkha regimes within the study area. 
2.5.1 Air temperature: 
The average daily air temperature recorded for Ras Tanura (typical coastal area), and Yabrin 
(typical inland area) are presented in Table 2.1. This shows that the highest temperature 
reaches about 360 C during the summer months (April to September). The lowest average 
daily temperatures reaches 150 C during the winter months (October to March). Sometimu 
the summer (July-August) temperatures exceed 500 C, and the temperature may drop to 
below O0 C in winter. As shown in Figure 2.8 the temperatures in the interior regions 
(Yabrin) are higher than those experienced by the coastal station (Ras Tanura). 
However, Figure 2.8, shows that the average daily temperatures during the summer months 
in the sabkha landforms are generally between 340 and 360C. It shows that temperatures 
increase progressively inland. Diurnal variations of temperature in both stations are also 
recorded. In terms of sabkha formation, air temperature plays a significant role in controlling 
evaporation from the sabkha surface and hence impacts upon evaporite formation. 
Additionally, the temperature developed in the sediments above the water table will also 
influence the evaporative pumping mechanism which may control the moisture rise and salt 
migration from sabkha surface. 
25.2 Soil temperature: 
Records of mean monthly soil temperature changes at Jubail site (discussed in chapter 9) 
show that the soil temperature gradients, during the winter months, increases with depth 
giving rise to an upward gradient and thus enhancing water vapour migration upwards 

through the soil profile. In the summer, the soil temperature gradient is reversed. Figure 
2.9 (reprinted fiom Patterson (1972)) shows the seasonal soil temperature profiles in 
Sabkhat Matti, Abu Dhabi. This illustrates that seasonal variations of soil temperature, in 
the sabkha environment, are only detectable in the upper 90 cm. The conical shapes of the 
winter and summer envelopes, as shown in Figure 2.9, reflect the detectable seasonal soil 
temperature variations. The figure shows that the soil temperature in the top surface layer 
varies from 25 to 57 OC during the summer months while, it ranges fiom 15 to 42 OC 
during the winter. On the other hand, the average soil temperature between 30 to 300 cm 
depth reaches 32 and 26 OC during the summer and winter months respectively. Below 
this zone, the soil temperature in the sabkha environment remains constant through the 
0 
year at approximately 31 C and this tends to cause a downward movement of water. 
Such observations have also been reported by Linsley et al. (1975). 
2.5.1 Relative Humidity: 
Average daily relative humidity values are given in Table 2.1 and show wide variations 
from coastal to inland areas. Figure 2.10, shows that during the summer months, the 
average relative humidity in the coastal areas ranges from 60 to 70 %, while in the inland 
areas it ranges between 13 and 30 %. During winter months, average relative humidity in 
the coastal areas ranges between 70 and 80 %; sometimes reaching 100 %. In contrast the 
average relative humidity in the inland ranges from 38 to 55 %. during the winter months. 
The records indicate that the lowest values of average relative humidity occur during the 
summer months (June-July), while the highest values occurs in the winter months 
(January). Figure 2.10 illustrates that the values of average relative humidity over the area 
in July increases towards the coast of the Gulf from 20 to 50 %. Records and illustrations 
in the climatic atlas 1988, indicate that average relative humidity has a maximum seasonal 
variation in the inland areas from 20 to 60 %, while in the coastal areas, it is high all year 
round (50 - 72 %) . Several investigators have reported that relative humidity has a great 
influence in precipitating the evaporite assemblage in sabkhas (Kinsman (1965) and 
(1967), and Patterson (1972)). As an example Kinsman indicates that sulphate and halite 
can precipitate at an average relative humidity equal to 70-90%, while halite alone can 
precipitate at a relative humidity of 60%-70%. Average relative humidity also influences 
the mechanism of moisture rise in the capillary fringe in the sabkha sediments. 
2.5.2 Prevailing winds: 
Monitoring the wind regime in different parts of the study area shows that winds are 
typically stronger along the coast than in inland areas. Ras Tanura site in a typical coastal 
area indicates that coastal winds during the winter months average 13 to 18 kmlhr and are 
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Figure 2.10: Average daily relative humidity (%) over the sabkha landfoms within 
the study area during the summer (July). 
RIYADH 
mainly from the north-west. Inland stations (e.g. Yabrin) shows north to north-east winds 
averaging 5 to 9 krnhr, as shown in Table 2.1. 
During the summer months, the area is characterized by very strong shamal winds. Wind 
speeds reach up to 36 krn/hr and predominantly blow tiom the north-north-west. During thc 
winter months of December through to the end of February, this region is also affected by 
stormy periods with strong variable winds. It has been noticed that winter storms usually 
have higher wind speed compared to the summer storms and are of longer duration 
(Williams (1974)). 
Experience in monitoring the wind regime over eolian and sabkha landforms indicates that 
the wind regime influences sabkha formation. As an example, strong shamal winds work as 
an essential transporting agent to supply the Saudi sabkha regime with eolian sand and/or 
argillaceous materials from the surrounding terrains. Additionally, the frequent strong wind 
over the sabkhas drives the mechanism affecting their development through detlation. 
Diurnal and seasonal variations of winds also play an active role influencing the temperature, 
relative humidity and evaporation rates in the sabkha areas. These in turn control evaporite 
formation, and moisture and salt migration. 
2.5.5 Rainfall 
The area investigated is remarkable for its erratic, sparse and sporadic rainfall. The 
precipitation records indicate that rainfall occurs between October and April. Table 2.1, and 
Figure 2.11 indicate that the average precipitation rate in the coastal area (Ras Tanura) is 
about 94 mdyear,  while in the interior parts (Yabrin) it is about 38 mmlyear. Rainfall over 
the sabkha landforms varies between 30 and 100 mdyear, and increases from south to 
north. Figure 2.11, shows that the rainfall over Sabkhat Yabrin, in the southern parts that are 
characterized by highest temperature, by high solar radiation, is very low. Rainfall, through 
downward water percolation and related water table rise, affects the sabkha regimes not only 
in dissolving the salt crust and diluting the sabkha brines, but also in carrying sediments to 
the sabkha. Rain water also changes the chemical environment encountered in sabkha 
sediments above the water table, and consequently, affects the crystallization and diagenesis 
in the sabkha regimes, (Purser (1985)). 
2.5.6 Solar radiation: 
Solar radiation has a great impact on heating the soil and water, and consequently enhancing 
the evaporation. Solar radiation over the entire Eastern Province of Saudi Arabia is 
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Figure 211: Average annual total rainfall (mm), over the sabkha systems within 
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generally high, reflecting the low density and frequency of cloud cover. The Climatic 
Atlas of Saudi Arabia (1988), shows that the solar radiation intensity over the inland and 
coastal parts of the study area is high. Average annual total solar radiation receivd by the 
4 ground over the study area ranges between 14x10 to 17x10' calorielcm2,a-s shown in Figure 
2.12. 
2.5.7 Evaporation: 
Sabkha systems in the eastern parts of Saudi Arabia are located within an arid zone that is 
characterized by high evaporation rates. Table 2.1 and Figure 2.13 show average daily 
evaporation rates to be high during the summer months. The average values vary between 8 
and 16 mmlday in the coastal area, while in the inland areas they range between 11 and 17 
mmfday. During winter months, evaporation values range from 5 to 8 mm/day, and 6 to 10 
mmfday in the coastal and inland areas respectively. 
The average annual total pan evaporation was found to be highest (4500 mdyear  in the 
inland areas around Yabrin and As Sarrar, while the annual evaporation rate observed in the 
coastal areas was around 3038 mmlyear as shown in Figure 2.13. Pan evaporation rate is 
controlled b air temperature, relative humidity, wind regime, solar radiation and water 
salinity. On other hand, the shape, type, and thickness of salt crust also governs the A 
evaporation rate from the sabkha surface. Although the pan evaporation rates measured are 
not directly equivalent to evaporation rates from the sabkha surface, these records are still 
used as an indication of evaporation rates from the sabkha surface, and water loss from 
shallow groundwater, Special studies made by the Ministry of Agriculture and Water 
(MOAW) have estimated the evaporation loss from the sabkha surface in the coastal parts o l  
the Eastern Province to be between 6 and 10 cm/year. In other words, the annual evaporation 
loss from sabkha surfaces is likely to be of the order of 0.7 metres over the active sabkha 
area in the coastal zone, which represents a loss of some 855 Mcmlyear. Italconsult 1969 
estimated the evaporation loss from inland sabkha surface (Yabrin area) as a depth of about 
0.9 dyear ,  which is equivalent to a volume of about 100 Mcmlyear. 
Field measurements indicate that evaporation is the most important factor controlling 
lowering of water table levels, enhancement of the moisture tlow rate, salt migration, and 
evaporative precipitation in the sabkha system. Therefore, extensive investigations have 
been carried out by several authors (Patterson 1972, Hillel 1971, Chow 1964, Geiger 1965 
and the authors observations between 1983 and 1995) to study the factors that intluence the 
evaporation rate from the sabkha surface. 
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The relationship between pan evaporation and evaporation from the soil has been studied 
over many months with the following results which relate to Jubail. 
Preceding rain 26th March 1994 
Time Pan Evaporation Water Table Fall Soil Evaporation 
March - 4 days 25.3 mm 3 m m  0.9 mm 
April 263.1 mrn 75 mm 22.5 mm 
June 456.1 mm 50 mrn 15.0 mm 
July 540.9 mm 35 mm 10.5 mm 
August 440.6 mm 
September 322.3 mm 60 mm 18.0 mrn 
October 300.2 mm 
November to 9th 45 mm 10 mm 3.0 mm 
Followinn rain 9th November 1994 
From these figures the pan evaporation averages 12.26 rnm per day through the summer 
while the soil evaporation averages 0.34 mm per day. Hence the relationship between 
pan and soil evaporation is given approximately by 
soil evaporation =pan evaporatiotd36. 
Th evaporation rate is affected by the ollowing major factors: 
Depth to water table. Field monitoring programs of lowering of water tables 
due to the evaporation from sabkha surfaces camed out by Patterson 1972, 
and the authors own observations have shown that the major factor affecting 
the rate of evaporation from the sabkha surface is the depth to water table. 
(Figure 2.14 reprinted fiom Chow (1964) and Patterson (1972)) illustrates the 
relationship between the pan evaporation and depth to the water, table based 
on experimental data. Results obtained from the laboratory and field study 
show that the evaporation rate is decreased by increasing the depth to the water 
table, and the 100 cm depth to the water table seems to be a critical depth for 
evaporation. It appears that the evaporation rate from the sabkha and sandy 
sabkha surfaces is very low whenever the depth to water table exceeds 100 cm. 
The maximum fall in water table during the summer months in several sabkhas 
within the study area was found to be about 25 cm (as discussed in chapter 
fi\l4). Assuming the porosity of sandy sabkha materials to be about 25%. and 
with no groundwater feeding the water table through these months, then the 
evaporative loss from the sabkha surfaces in the study area is equivalent to a 
depth of about 6.25 crnjyear (i.e. 2514). 
Ionic strength. Bonython (1956) reported that the evaporation rate decreases 
with increase in water density (ionic strength). This effect, was confirmed by 
the observation that the water table fall due to evaporation in the central region 
of the sabkha, where the brines are most concentrated, is relatively very low 
(Patterson (1972) and the author's observations in An Nabiyan and A1 Pas1 
sabkhas). The same observations have been made in the test station; moisture 
rise in the capillary fringe due to the evaporation in the salty sandy soils (high 
ionic strength) is much lower than in the sandy soils. 
Climatic conditions. It is evident that water table lowering in the sabkha due 
to evaporation rates from the sabkha surface increases with increased 
temperature during the summer months. In contrast, evaporation rates from 
sabkha surfaces decrease with increased relative humidity due to the high 
atmospheric vapor pressure and the water absorbed by the salt crust of the 
sabkha surface during each foggy night. Such moist surfaces will delay 
evaporation from the sabkha system, since the evaporation tiom the sabkha 
surface will occur only after evaporating the amount of water has been 
absorbed during the night, (Patterson (1972)). 
Field measurements thus indicate that evaporation is one of the most important factors 
controlling the fall in water table level. Evaporation also enhances the groundwater moisture 
rise and related salt migration. 
Depth to water table (an) 
Figure 2.14: Relationship between groundwater evaporation expressed 
as percentage of pan evaporation and depth to water table 
(After Chow 1964) 
2.6 SUMMARY OFFACTORS INFLUENCING SABKIIA SYSTEMS 
The natural setting encompassing sabkha systems in the study area throughout the north- 
western parts of the Arabian Gulf can be characterized as follows: 
Location: Sabkhas are located within depressions mainly floored with carbonate 
rocks of Tertiary formations. Sabkhas in the coastal plain zone are mainly surrounded 
by loose sand bodies such as Sabkhat A1 Fasl, Half Moon, Azizia, Ad Dhabiyah. 
Others in the hinterland area are found in the lowland area or at the edge of As 
Summan scarps such as Sabkhat As Sarrar, and Al Khunn. Other sabkhas such 
Sabkhat Abu Al Hamam is located between sand dunes and carbonate, marly, clayey 
outcrops of Dam, and Hadroukh Formations as shown in Plate 1. 
Geological structures: Although the Eastern Province of Saudi Arabia has been 
tectonically stable since Precambrian time, the geological succession in the study area 
is affected by a deep fracture system associated with the marked folding mechanisms. 
Such fractures, as observed in several places, play an active role in the replenishment 
of sabkhas. 
Hydro~orosit~: The hydrogeological framework in the Eastern Province is 
characterized by inter-connected aquifers beneath sabkha systems within the study 
area. Leakage of these aquifers along the fractures by tile effect of artesian pressure, 
as experienced in some places, intluences the sabkha brine regime and the evaporite 
assemblage. Inflow of rainwater and marine water into the sabkha system also have a 
great influence in replenishment of sabkha brine and have a role in supplying and 
controlling - .. - . . evaporite .. _. . phases . . and - matrix . - -  assemblages. 
. - - .  - - . - - . - . . - - 
Climate: The prominent sabkhas feature of the Eastern Province are located within a 
hyperarid region. For the purpose of this study Ras Tanura, and Yabrin stations are 
selected to represent the climatic conditions over the sabkha systems in the coastal 
and continental areas respectively. Information recorded by Williams (1974), and 
Water Atlas (1984) are characterized by severe climatic conditions as follows: 
* Summer temperatures in the coastal area (Ras Tanura) are generally higher than 
those in the inland areas, while winter temperatures in the interior parts (Yabrin) 
are lower than in those coastal station. Temperatures increase progressively 
inland. Diurnal variations of temperatures in both stations are also observd. 
* Relative I~urnidity values decrease away from the coast. The average relativc 
humidity values in August are 70% along the coast but only 20% in the interior. 
* Rainfall is sparse over the study area. Most occurs along the coastal region 
north of Jubail and decreases inland and to the south. The rainy season in the 
Eastern Province is from November to April. The rainfall rate in the study area 
is about 79 mmlyear. 
* Wind speeds are typically stronger along the coast than in the inland areas. 
Average wind speed during summer months is 8 to 18 krn/hr with a NW 
direction, while inland areas show N-NE winds averaging 9 to 14 kmhr.. 
During the winter months, the average wind speed over the coast averages 14- 
17 km/hr from NNW, while inland wind speeds average 8-12 km/hr from the 
NNE direction. 
* Solar radiation. Average daily solar radiation intensity received on the ground 
from May to August is almost constant due to cloudless conditions. There is an 
almost constant sunshine period each day. Avmage daily solar radiation is 550 
cal./cm2/day (May reading). 'The average intensity during the winter months is 
about 300 cal./cm2 . 
* Evaporation. It is recorded that the evaporation rate in the study area as a part 
of the Eastern Province of Saudi Arabia is about 3038 mmlyar, which is 
considered to be the highest in the world. 
Hence, changes in climatic conditions coupled with the shallow groundwater regimes have a 
significant influence not only in the sabkha mode but consequentially in the variation and 
heterogeneity of the sabkha itself. In brief the following statement can be made. 
Salinity The salinity of Gulf water is high due to excessive evaporation (1200 
,mmfyear,putler (1970)) because of the extreme temperature and strong winds. This 
evaporation is coupled with salt additions from numerous piercement salt domes 
and brackish under sea springs (Edge11 (1991)) also contribute to the high salinity. 
• Water sources and movement. Water enters the sabkha system in t h r s  main 
ways; infiltration, seepage from coastal water, and inflow of groundwater. The tlow 
of water through the system is the most important dynamic intluence on the form, 
structure and composition of the sabkha and is driven by tidal action, evaporation, 
some transpiration, and groundwater pressure differences. The composition of the 
water is governed by its source, the solids in the source and the solids through which 
the water passes and material deposited on the sabkha surfaces. Proximity ol' thc 
water table to the ground surface is a characteristic of all sabkha-type structures and 
the water distribution and hence its source appears to have a strong inlluence on thc 
development and maintenance of the configuration of the land surface. 
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CHAPTER 3 
3. CHARACTERIZATION AND CLASSIFICATION OF THE MAJOR 
SABKI-IAS IN THE EASTERN PARTS OF SAUDI ARABIA 
Eight prominent sabkhas have been selected to represent the different sabkha systems 
throughout the study area. These sabkhas were visited during the period tiom October 1992 
to January of 1993 to study their enclosing natural settings. Two or three open pits were 
excavated in each sabkha by hand down to the water table to examine the clastic sediments 
and evaporite assemblages in the sabkha profile (Figure 3.1). Sediments were collected 
from the walls of the open pits and kept in labelled plastic bags. These samples were 
analysed for their major oxides: Si02, A1203 CaO, MgO, Na20, K20 and SO3. The 
probable mineralogical compositions of the sediments were calculated from the chemical 
analyses using a method similar to that developed by Imbrie and Poldervaart 1959. For 
thirty samples taken from the sabkhas the bulk mineralogy was determined by X-ray 
Diffraction (XRD) analysis. In addition, brine samples were collected from each sabkha in 
plastic bottles for laboratory analysis. The brines were analysed for Na, K, Ca, Mg, C1, SO4, 
Br, HC03, pH, and density. The analyses of the sediments and the water samples were 
made using the ICP (Inductively Coupled Plasma Spectrometry), and IC (Ionic 
Chromatography) at the Central Analytical Laboratories (CAL), of the Research Institute at 
KFUPM. 
An attempt was made to classify these sabkhas based on the geochemical characteristics of 
the sediments, and the chemistry of included brines. Variation diagrams of Si02 against 
other major element oxides were found to be useful in identifying compositional clusters 
from the sabkhas that were likely to define materials developed under similar conditions. 
Consideration has been given to the use of index ions of sabkha brines, (which do not enter 
into diagenetic reactions and thus appear to be conserved during the process of mixing, 
evaporation and dilution) such as potassium and bromide, (Patterson and Kinsman (1977) 
and McKenzie et al. (1980)) in distinguishing the origin of the brines and the source of their 
replenishment. These considerations have led to a sabkha classification which is based on 
6 
characterization of the sabkhas from their lithological groundwater reGmed /' mode of formation, diagenetic processes and development, rather than by their 
geographical situation alone. 
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Figure 3-1: Excavation, examination and sampling activities in the sabkha during the 
research period. 
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3.2 SABKIM LOCATION AND DISCRIBUTION 
Sabkha landforms make prominent features throughout an elongate corridor within the 
coastal plain along the Arabian Gulf. This corridor is some 100 km wide and extends for 
550 krn in length. Sabkha landforms within the coastal zone extend from As Safanyah in the 
north to Dawhat Salwa in the south and are found in three different terrains (Plate 1). 
(i) Sabkhas are scattered in the lowland areas along the shore or between the Jafurah 
sand dunes. These have been found to be either connected to the sea or, though 
originally connected, are now cut-off from the sea. They include parts of Sabkhat 
Al Fasl, Sabkhat Ar Riyyas, Sabkhat A1 Azizia, Sabkhat As Summ, Sabkhat Abu 
A1 Hamam, Sabkhat Ad Dhabiyah (An Nabiyan), and Sabkhat Jeb Awiyad. 
(ii) Other distinctive sabkhas are found in the coastal zone but located in the lowland 
areas within the carbonate rocks as seen in the Manifah area, (Plate 1). 
(iii) Prominent inland sabkhas are situated in thc depressions between carbonate rocks 
of the Dam and Hadroukh Formations. They are located about 110 km and 250 
km from the Gulf, and are illustrated by Sabkhat As Sarrar and Sabkhat A1 Khunn 
(Plate 1). 
(iv) Salt-laden (lacustrine) deposits that are found at the western edge of Ar Rub A1 
Khali in the vicinity of the archaeological site at Al Faw area, (Figure 1.1). 
3 3  BASIC CIIARACERISIICS OF MAJOR SABKHAS 
In the following pages the physiographical and geological features, groundwater conditions, 
mineralogical composition of sabkha sediments and the chemistry of the sabkha brines are 
described. 'Ihese sabkha characteristics are compared with regard to location, the 
importance of each site, and major constituents of: 
Matrix (i.e. clastic) materials, types, and origin 
Evaporite assemblage; type and origin 
Brine source, composition. and replenishment 
The main components in all the sabkhas studied are quartz, gypsum, halite, and carbonate. 
The proportions of these components vary greatly according to the location and type of the 
sabkha. Considering just quartz or silica there are major differences between the various 
sabkhas. Both the average abundances and the spread of abundance show these distinctions 
as can seen in Table 3.1. The other components, gypsum (shown up chemically by SOs), 
halides defined chemically by (Na20 and K20) and carbonate defined by (CaO and MgO), 
also show large differences between sabkhas from different locations as shown in Table 3.2. 
Table 3-1: Average abundances of quartz (SiOJ in the sabkha sediments and old salt- 
laden deposits. 
std. dev. = standard deviation 
3.4 SABKHAT AS SARRAR (S) 
3.4.1 Location and Physiography 
Sabkhat As Sarrar is located about 110 km west of the Arabian Gulf. It occurs between the 
gently dipping rocky hills, in the border of Maaqlah plateau, and is adjacent to As Sarrar 
oasis (Figure 3.2). It makes an isolated elongate salty flat landform in the valley and 
extends about 19 km in a north-north-easterly direction, and is about 4 km wide. Remnant 
hills composed of the Tsm and Dam formations border the sabkha landform to the east and 
west. These upland outcrops of sandy limestone and mark have associated clay layers and 
are interbedded with gypsum. Some of these hills are covered with silty, sandy carbonate 
materials as weathering products. The As Sarrar area rises to about 200 metres above sea 
level. During the summer, the sabkha surface is smooth and is dry along its periphery. A 
Table 3-2: Abundance5 of major mineralogical composition of sabkha sediments and 
old salt-laden salt deposits at selected sites. 
D = Distance from the present sea shore, st. d. = standard deviation 
puffy, salt-crusted surface with cracks in the shape of polygons is found in the middle of the 
sabkha. During the winter, Sabkhat As Sarrar is occasionally flooded by ephemeral 
streams. Special emphasis is given to this sabkha because of its inland location. Evidence 
from vertebrates and the marine deposits of the Dam Formation suggests that the hills 
probably correspond with the most westerly shoreline of the Gulf during Neogene and 
Quaternary times (Thomas et al. (1981)). According to Dincer et aL(1973), the sabkha site 
also occurs within an area clearly affected by water leakage from the UER aquifer effected 
by artesian pressure. Four open pits, designated S1, S2, S3, and S4, distributed along this 
sabkha NE-SW axis as shown in Plate 1, were excavated by shovel down to the water table. 
?he succession of sabkha sediments was examined, and soil and water samples were 
collected for analysis. 
carbonate Sabkha name 
Half moon (K) 
Al Azizia (Z) 
Ar R ~ Y   as (R) 
As Summ 0 
Al Fasl (RC7) 
A1 Fasl (RC1) 
As Sarrar (S) 
Al Budu (B) 
Al Faw (W) 
Rub Al Khali (RK) 
Mean 
% 
13 
22 
22 
16 
19 
25 
24 
16 
20 
- 
halides (Dl 
@) 
7 
4 
15 
8 
5 
27 
110 
320 
st. d. 
1 
1 
1 
6 
4 
8 
8 
6 
- 
- 
gypsum 
Mean 
% 
28 
17 
23 
10 
23 
13 
4 
6 
0.3 
0.1 
Mean 
% 
0.5 
7 
1 
15 
8 
27 
22 
22 
75 
95 
st. d. 
9 
5 
4 
7 
10 
3 
2 
0.1 
- 
- 
st. d. 
0.2 
3 
0.4 
9 
4 
11.6 
14 
11 
- 
- 
3.4.2 Mineralogical composition of the Sabkhat as Sarrar sediments 
Using the mineralogical composition of sabkha sediments (Table 3.3), determined by XRD 
analysis and field observations, a generalised vertical profile of Sabkhat As Sarrar system 
has been constructed and is shown in Figure 3.3. The sediments at Sabkhat As Sarrar are 
distinctly layered, and vary in their matrix and evaporite assemblages. They can be divided 
into three zones based on the sediment types - their texture and mineralogical assemblage. 
Zone I, represents the upper sediments (sabkha crust) and is composed of a thin layer of 2 to 
5 cm thickness of puffy, silty, sand cemented with halite, carbonate, gypsum, clay, and 
probably anhydrite. 
Zone 11, is immediately below the upper crust and is composed mainly of about 30 cm of 
several thin alternating layers of calcareous silty sand enriched with gypsum crystals and 
quartzose coarse sand with minor clay. 
Zone 111, which occurs immediately above the water table is about 30-75 cm thick. It is 
composed of calcareous silty sand associated with prismatic gypsum crystals and some clay- 
rich layers. 
A thin irregular white, anhydrite and clay layer about (7 cm thick) occurs below the brown, 
puffy, and cracked silty crust. Figure 3.3 shows that the halite proportion decreases 
abruptly with depth and that quartz is the major matrix component and increases downwards 
as a proportion of the clastic material. The types of material in the alternating quartzose 
sand layers between 20-35 cm and 55-75 cm are a good indicator of an eolian source from 
the surrounding sand bodies. Calcite is generally found through the vertical profile with 
some increase towards the top as a fraction of the clastic grains. Gypsum crystals are 
interbedded in the profile and form the major constituent of the evaporite assemblage. A 
distinctive assemblage of colourless gypsum crystals occurs immediately above the present 
water table. The alternating occurrences of similar gypsum crystals found in the sabkha 
profile may be attributed to changes in the water table levels in the sabkha system. Certain 
clay mineral compositions occur in these deposits. These include a blend of illite, smectite, 
palygorskite, and chlorite. Field observations showed that the water table in Sabkhat As 
Sarrar during the summer months ranges from 30 cm deep in the central parts (S4) to 75 cm 
(S3), while in the peripheral parts (Sl) it was found to be greater than 1.5 meters in depth. 
Table 3-3: Approximate mineral proportions of sabkha sediments a t  Sabkhat As 
Sarrar  using the XRD analysis. 
3.43 Geochemical characteristics of the sabkha 
Minerals 
quartz ( ~ 2 )  
halite (hal) 
gypsum (gyp) 
anhydrite (anh) 
calcite (cal) 
dolomite (dol) 
clay 
qz/(qz+doltcaI) 
The bulk geochemical composition of sabkha sediments above the water table at Sabkhat As 
Sarrar are given in Table 3.4. These analyses confirm that clastic matrix materials through 
the sabkha profile above the water table are characterized by quartzose sand, clay, and some 
carbonates. The evaporite assemblage is mainly gypsum and traces of halite. Analytical 
results show that SO3 is found through the sabkha profile as alternating bands in irregular 
proportions. The SO3 content varies between 0.8 to 40 %. Some of the SO3 occurs as 
anhydrite which is found in the upper layers and was detected by XRD analysis. 
Sodium ranges from 0.2 to 1.4 % as Na20, with an average of about 0.6%. It is mainly 
present at the surface and decreases to very small levels with depth. The gypsum proportion 
at Sabkhat As Sarrar is overwhelmingly dominant over halite. This is in keeping with the 
high sulphate associated with water which could have migrated from the deep aquifer as 
mentioned by Dincer (1973), and Italconsult (1969). However, the gypsum layers that are 
Depth (cm) 
>70 
79 
0 
6 
0 
9 
0 
6 
0.89 
0-4 
33 
18 
12 
7? 
27 
0 
10 
055 
mean 
36 
2.8 
16 
0.9 
125 
0.0 
3 
0.68 
45-49 
17 
0 
65 
0 
17 
0 
0 
05 
49-70 
45 
3 
17 
0 
15 
0 
20 
0.75 
4-8 
13 
0 
70 
0 
14 
0 
3 
0.48 
18-33 
42 
0 
50 
0 
8 
0 
0 
0.84 
8-18 
20 
0 
62 
0 
11 
0 
7 
0.61 
33-45 
49 
0 
47 
0 
9 
0 
10 
0.84 
Table 3-4 Bulk geochemical composition of sabkha sediments above the water table at 
Sabkhat As Sarrar. (wt %) 
interbedded within the surrounding Dam and Hadroukh Formations may also be sources for 
the sabkha gypsum (Powers 1966 and this authors own observations). 
Oxides 
SiOt 
Alto3 
CaO 
Mgo 
Na20 
K20 
so3 
LO1 
- 
35 SABK~IATABUALHA~IAM (H) 
35.1 Location and Physiography 
Depth (cm) 
Sabkhat Abu A! Hamam is an inland sabkha located about 15 km south of Abqaiq, and 47 
km west of the Gulf. It covers an area of 30 km2 and lies about 100 m above sea level and 
for the last five decades has been the most significant source of salt for Saudis. They 
considered that this sabkha is their mamlah (an Arabic term meaning the place that salt can 
be extracted). 'Ileel (1968) reported that ARAMCO started salt extraction from Abu A! 
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Hamam mine in 1948 by using the back hoe method. The average yearly consumption of 
salt from this sabkha is about 90,000 tons. 
Field investigation shows that Sabkhat Abu A1 Hamam is an elongated SSE depression and 
extends between the Dam outcrop in the south and south-west, and the Jafurah sand bodies 
on the north-eastern sides as shown in Plate 1. The sabkha surface in the northern parts and 
near the mine pools consists of salt with considerable eolian sand, while in the southern 
parts, the surface is encrusted with a hard salt crust fractured into polygonal patterns. Three 
open pits (HI, H2, H3) distributed through the sabkha axis were excavated by shovel down 
to the water table. The water table in Sabkhat Abu A1 Hamam in the summer months of 
1992 was some 27 cm from the surface. In the excavated pools brine -exposed near the 
surface crystallises out, and halite was frequently extracted from the pools. 
3.5.2 Mineralogical composition of the vertical profile of Sabkhat Abu A1 Hamam 
The mineralogical composition of sabkha sediments above the water table determined by 
XRD and by calculation from geochemical data are given in Tables 3.6 and 3.7 and Figure 
3.4. Above the water table the sabkha is composed of alternating layers of coarse loose 
quartzose sand and halite. On the surface, a silty sand layer encrusted with halite forms a 
hard puffy rough surface salt crust about 3 cm thick. The major part of the sediments above 
the water table and about 40 cm below the salt crust is composed of alternating layers of 
coarse eolian sand mixed with salt. Halite layers occur between 13 and 23 cm down, with a 
thicker layer some 27 cm below the ground surface. A small proportion of clay and 
carbonate has been observed in the sediment. Salt extracted from the pool is almost of 100% 
halite. Tleel(1968) reported that Abu Al Hamam salt consist of 95.8% halite, 0.7% Gypsum, 
and 3.5% undetermined constituents. 
3.5.3 Geochemical characteristics of sabkha sediments 
Bulk geochemical data for the sabkha sediments above the water table at Sabkhat Abu Al 
Hamam are given in Table 3.7. These analyses show that the non-evaporite fraction of the 
sediments is characterized by quartzose sand. The silica proportion through the sabkha 
profile varies from 1 to 88% with an average about 40%. 
A small amount of clay and carbonate reflected by 4 2 0 3  and CaOtMgO, are distributed 
through the sabkha profile and reach about 2.1%, and 1.6% respectively. The sodium content 
in the sediments occurs in two distinct layers and the average proportion of Na as Na20 in 
Table 3-5: Mineralogical composition (wt %) of sabkha sediments as determined 
by XRD. 
the sabkha above the water table reaches some 25.3 %. A trace amount of gypsum 
(represented by SO3) is found in the crust. 
3.6.1 location and Physiography 
For the purpose of comparison, Sabkhat Jeb Awiyad has been examined briefly during this 
project. Stratigraphic and mineralogical information for this sabkha has been reviewed and 
summarized from the previous work made by (Dimock (1955) and Smith (1980)). 
Sabkhat Jab Awiyad is located some 26 km west of Dhahran along the Abqaiq pipeline and 
about 35 km from the Gulf. It was accidentally discovered by ARAMCO 1955, during their 
work at the site, when they found a huge salt body below the surface while seismic shot 
holes were being drilled. The size and tonnage of the subsurface salt deposits were 
estimated by Dimock (1955) and Smith (1980) at about 11.2 million cubic meters (26.3 
million metric tons). 
Sabkhat Jeb Awiyad is a flat, NW-SE elongated landform of very low relief between sand 
dunes. It lies in an area some 16 km long, with an average width of about 3 km and the 
sabkha surface is about 5m above the sea level. 

Table 3-6 : Chemical and mineralogical composition of sabkha sediments above the 
water table a t  Sabkhat Abu A1 Hamam (H). 
Note: Gypsum calculated from SO,, dolomite from MgO, calcite from residual CaO, clay from 3.3~AllOb halite 
from NazO with normalization to include C02 and water, (using Imbrie and Polervaart's methodology. 1959)- 
~- - - 
~ - .. - . .-. 
. . - .  
'Ihe deep drilling information and unusual huge salt body buried below the sabkha surface 
Total 
have interested the author and special attention has been given to a study of the mode of 
sabkha formation which is quite different than that of other sabkha systems within the 
100.0 
coastal plain. 
100.0 100.0 100.0 
3.6.2 Mineralogical composition through Sabkhat Jeb Awiyad 
Details of the sabkha profile have been compiled from obscrvations at four shallow pits 
which were opened at the site. The sequence of sabkha deposits developed from the decp 
boreholes by Dimock (1955), Smith (1980) and the authors observations is s u m m a r i d  in 
Table 3.9 and Figure 3.5. The top layer of the sabkha deposits consists of a 3 cm thick silty 
sand hardened and encrusted with salt. The major constituents of sediments below the salt 
crust (between 3-60 cm) are composed of eolian sand above the water table. The water tablc 
during the summer season is about 65 cm from the ground surface. 
Dimock (1955) and Smith (1980) found a thick layer of silty sand between 70 and 180 cm 
down, a layer of hard cemented calcareous sand between 180 and 190 cm, and a thick layer 
between 190 - 280 cm consisting of very hard sand cemented with salt and gypsum This is 
above a pure halite deposit and a thick continuous bed of halite is encountered at 280 cm 
from the sabkha surface. The observations made during the early investigation by Dimock 
(1955) that a 1.8 m thick layer of halite is present was confirmed by Smith (1980). 
3.6.3 Chemical composition 
Chemical analysis and a mineralogical study of sediments from Sabkhat Jeb Awaid has 
concentrated on evaluating the salt as an economic deposit. Results of the analysis of salt 
deposits as reported by Dimock 1955 revealed that halite is the major component of the 
salt deposits (it reaches up to 88.9%), while silica and gypsum are found to be 6.3, and 2.2 
% respectively. 
3.7 SABKHA~ T DAWHAT WM (KAND Z) 
3.7.1 Location and Physiography 
Sabkhas along the Half Moon Bay at Dawhat Zalum are typically coastal. l b o  sites within 
this vast sabkha were selected for this study to represent the distinctive sabkha landforms 
that are distributed along the north-western parts of the Arabian Gulf, (Plate 1). The field 
investigations revealed that the sabkha surface is tlat, puffy and encrusted with salt, but with 
no evidence of the polygonal pattern often seen. 

Table 3-7: A summary of sabkha deposits sequence a t  Jeb Awiyad site, after Dimock 
1955 and Smith 1980. 
Test stations, at Al-Azizia site (Z) and Half Moon area (K), were selected (see Plate 1). Two 
pits at Z and K sites, about 4 and 7 km from the sea respectively, were opened using shovels 
down to the water table which here is about 80 cm from the surface during the summer. 
Depth (cm) 
0-3 cm 
3-60 cm 
60-180 cm 
180-192 cm 
192-280 cm 
3.7.2 Mineralogical composition through the profile of sabkha sediments: 
Description 
hard salt crust 
homogeneous fine sand with some silty materials 
homogeneous fine sand with some silt materials 
. - - ,."- - 
. , 
hard layer of sand enriched with carbonate materials 
. - ... - - . - - ~ . ~- 
- --a- 
very hard sand layer cemented with salt and gypsum 
A 
Information gathered from an examination of the sediment distribution through the 
excavation walls during the field investigation at sites Z and K is combined with relevant 
mineralogical composition determined by XRD (Table 3.8) and calculated from chemical 
data (Table 3.9) to develop the generalised vertical sabkha profile presented in Figure 3.6. 
The sabkha profile above the water table can be divided into three distinctive wnes. 
Zone I represents the upper layer (0-5 cm.) composed of silty sand with a thin layer of salt 
crust. 
Zone 11, the most distinctive layer, extends 25 cm below Zone I and is mmpclsed of a tan 
coloured silty sand. Very big grey sandy gypsum crystals in thc range 2-15 cm wcrc 
observed within this wne. 
Zone I11 is located at depths between 30 and 100 cm and includes the water table at 80 cm. 
It is made up of a homogeneous, grey, fine to medium sand with some calcareous silty 
materials. A marine fauna present in the sabkha profile is mostly tubes, bivalves and 
gastropods. Some shells were found embedded within gypsum. 
Halite is concentrated mainly in the upper layer and reaches 50.8% and 23.4% of the total 
sediment at K and Z respectively. Calcite occurs through the sabkha profile but decreases 
towards the surface. The carbonate proportion ranges from 3.3 to 9.6 %. The gypsum 
content of the crystals embedded in zone I1 is about 11% of the sediment. The main sabkha 
constituent is quartz, and this makes between 32 and 70.6% of the sediment (Table 3.9). 
Clay minerals as shown in the XRD and chemical data, are distributed throughout the sabkha 
profile but decrease towards the surface. A higher clay and silt content is found at the K site 
than the Z site. 
Table 3-8: Variation of mineralogical composition of sabkha deposits at Sabkhat the 
Half Moon (K) based on XRD analysis. 
3.73 Geochemical composition of sabkha sediments: 
halite 
gYpsUm 
anhydrite 
'Ihe bulk chemical compositions of the sabkha sediments above the water table are given in 
Tables 3.9 and 3.10. The analyses show that the main sediment can be characterized as 
quartzose sand, silt and clay. The average S i02  content is consistent and ranges from 69 to 
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Figure 3.6: Vertical profile showing the sediment succession and mineralogical 
composition of sabkhas in Dawhat Zalum (site K) 
Table 3-9 Compositional variations in samples from Sabkhat Al Azizia (Z) 
72% in both K and Z sites. The 4 2 0 3 ,  representing the clay and silty materials makes less 
than 4% of the sediment. Carbonates vary in abundance and the average CaOtMgO content 
decreases from 9.5% in the coastal site at Z to 4.3 % at K. 
Chemical data: 
>75 
75.4 
5.0 
7.3 
1.7 
2.3 
6.2 
0.4 
12.5 
46-75 
73.7 
5.1 
7.2 
1.7 
2.3 
7.2 
0.2 
12.2 
mean 
68.9 
4.2 
7 
2.5 
4.4 
8.6 
2.2 
42.2 
32-46 
78.4 
2.7 
5.2 
1.3 
1.3 
4.1 
0.1 
7.8 
Equivalent mineral proportions 
Depth (cm) 
Si02 
A1203 
CaO 
Mgo 
Na20 
LO1 
so3 
a 
quartz 
clay 
calcite 
dolomite 
halite 
gY Psum 
Total 
2 - 5  
61.7 
4.0 
9.5 
3.8 
2.5 
8.5 
8.0 
18.9 
0 - 2  
48.2 
3.1 
6.0 
1.5 
15.5 
18.7 
2.5 
190.8 
5 -32  
75.9 
5.2 
6.6 
4.9 
2.6 
6.6 
2.0 
10.8 
57.0 
8.3 
5.0 
2.0 
23.4 
4.3 
100.0 
48.0 
15.4 
4.1 
7.3 
5.4 
19.9 
100.0 
61.6 
14.1 
7.4 
4.3 
7.5 
5.1 
100.0 
57.3 
18.7 
5.2 
8.9 
5.3 
4.6 
100.0 
64.7 
16.5 
10.9 
2.8 
4.3 
0.9 
100 0 
76.6 
9.6 
8.6 
2.3 
2.6 
0.2 
100.0 
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Figure 3.7: Relationship between SiO, and other major oxides in 
sabkhas at Dawhat Zalum (sites K and Z). 
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Though the evaporite assemblage is mainly halite the average Na20 content through the 
sabkha profile is low (mostly less than 3%), and is concentrated in the upper layer wherc it 
reaches up to 26 % at site(K). Gypsum and hence SO3 rarely reaches significant levels in 
these analyses, although there are large gypsum crystals embedded in Zone 11. The variation 
diagram of S i 0 2  versus major element oxides is given in Figure 3.7. The other main oxidcs 
are of low abundance and hence tend to make tight clusters in this figure. 
Table 3-10: Compositional variations in samples from Sabkhat Half Moon.(K) 
I~hemical data: I 
( ~ ~ u i v n l e n t  mineral proportions: 
Depth (cm) 
Si02 
A1203 
CaO 
M g o  
Na20 
so3 
LO1 
(3 
0 - 2  
37.0 
3.4 
2.3 
0.5 
26.3 
0.6 
18.5 
180.5 
quartz 
clay 
calcite 
dolomite 
halite 
gY Psum 
Total 
mean 
71.8 
6.7 
3.6 
0.7 
7 
0.1 
10.3 
56.8 
A 
32.3 
11.7 
3.0 
0.9 
50.8 
1.3 
100.0 
2 - 5  
81.7 
6.4 
4.3 
0.8 
2.7 
0.1 
8.4 
22.2 
63.2 
25.7 
5.1 
1.2 
4.6 
0.2 
100.0 
30-90 
77.2 
9.0 
5.4 
1.1 
2.6 
0.1 
10.2 
28.7 
5-30 
89.2 
7.4 
2.8 
0.6 
1.0 
0.1 
5.3 
15.9 
58.2 
21.6 
5.3 
1.2 
13.3 
0.4 
100 
>90 
74.0 
7.5 
3.2 
0.7 
2.4 
0.1 
9.2 
36.8 
57.8 
27.8 
7.9 
1.7 
4.5 
0.2 
100.0 
67.2 
20.1 
6.5 
1.3 
4.8 
0.2 
100.0 
70.6 
22.6 
4.0 
0.9 
1.7 
0.2 
100.0 
3.8.1 Location and Physiography 
Sabkhat Ar Riyyas is the biggest sabkha landform in the area. It is located 30 km north- 
north-west of Dhahran, and extends about 70 km in a north-north-westerly direction to the 
coast of Jubail. It runs in a NW-SE direction approximately parallel to the coast. The 
northern segment is very close to the Gulf whilst the southern section is about 15 km west of 
the Gulf. It occupies an almost flat terrain with some rocky hill areas and sand bodies that 
rise above the sabkha surface. 
Sabkhat Ar Riyyas borders Sabkhat Ad Dhabiyah in the west and some oases and numerous 
palm trees are located on the south-eastern edges. Some recent constructions are located on 
reclaimed parts of this sabkha. Examples include the NS Dhahran Jubail Highway, Jubail- 
Riyadh water pipeline and a salt-mining plant, in addition to the old ARAMCO oil pipeline. 
Major parts of this sabkha to the west of the Dhahran-Jubail highway have been investigated 
by Johnson et al. (1973). This study revealed the heterogeneity and variations in the sabkha 
regime. Details of this study were reported by A1 Sayari and Zotl(1978). 
Special attention was given to those parts of Sabkhat Ar Riyyas that are located between the 
Gulf and Dhahran-Jubail Highway as shown in Plate 1. The surface of the eastern part of 
Sabkhat Ar Riyyas is a flat landform. Some rocky hills of the Hadroukh and Dam 
Formations, and vegetated sand hills, rise above the sabkha surface. During the Summer 
months, the sabkha surface is encrusted with salt having a polygonal pattern and a loose 
sand veneer from the surrounding loose sands. During the winter the surface is usually 
flooded after the heavy rains. Recently, cultivation and light construction have taken place 
on the sabkha after reclamation. 
3.8.2 Mineralogical composition of the vertical profile 
A representative study area was selected (R) along the Dhahran Jubail-highway, 15 krn from 
the Gulf. Four pits 100 m apart along a N-S line were dug down to the water table. The 
composition of sabkha sediments in the walls of these pits in the eastern parts of Sabkhat Ar 
Riyyas is summarized in Figure 3.8. Stratification of sabkha sediments observed in the 
field, and the probable mineralogical composition calculated from chemical analysis are 
given in Table 3.11. These data were used to produce the generalized vertical sabkha profile 
shown in Figure 3.8. The top layer (about 7 cm) of the sabkha is composed of fine sand 
encrusted with salt which is mainly halite. The rest of the sabkha profile down to the water 

table (7-80 cm) is composed of quartzose fine sand. The layer from 20 to 30 cm down 
contains small lenses of white coarse sand, and a thin band in the depth range 30 to 40 cm is 
formed of white coarse sand. No evidence of gypsum crystals, white to grey carbonatc or 
clayey mud were noticed in the profile. 
3.8.3 Geochemical composition of sabkha sediments 
The bulk chemical analyses of sabkha sediments above the water table are given in Table 
3.11. Silica typically makes some 70% of the sediment but lower values (55%) were found in 
the top layer. Some silt and clayey fractions giving about 5% A1203 were also found. The 
CaO and MgO contents show a regular distribution through the sabkha profile with 
average values of up to 6% and 1.2% respectively. These high values correspond with the 
considerable amounts of calcite and dolomite that enter the sabkha system from the 
surrounding carbonate rocks and from the marine fauna and shell fragments. Halite 
represented by Na20 is distributed through the sabkha profile with a typical abundance of 
about 3%, with some 15% occurring in the top layer. Gypsum makes a low concentration 
with the average SO3 content being 0.3%. The high silica content (72.6%) means a low 
contribution of clay, carbonate and evaporite phases (NaCI) which are about equally 
abundant. 
The dominant siliceous components in this part of Sabkhat Ar Riyyas are derived from the 
surrounding sand bodies. Some calcareous materials may be partly derived from marine 
sources but are probably obtained mainly from the carbonate rocks adjacent to the sabkha 
system. The evaporite assemblage has all the characteristics of derivation from marine 
water. 
3.9.1 Location and Physiography 
This sabkha is a limb of Sabkhat Ar Riyyas where it turns towards the Gulf about 17 km 
south of Jubail. It occurs between Sabkhat A1 Fasl, and Sabkhat Ar Riyyas and covers an 
area 20 km long and 5 km wide. It is given special attention for several reasons. Firstly, a 
prominent vegetation belt runs parallel to the sabkha in a north-north-easterly direction. 
Secondly, for the last 10 years, it has been observed that several parts of this sabkha as well 
as other lowland areas scattered between the rocky hills of the Dam and Hadroukh 
formations flood with water in October and November before the beginning of rainfall in the 
Eastern Province. 
Table 3-11: Compositional variations in samples from Sabkhat Ar Rlyyas 
Two pits were opened 300 m apart (F1 and F2) in the sabkha terrain, while a third pit was 
dug (F3) in the middle of the vegetation belt. The pits were excavated with shovels down to 
the water table. The sabkha surface is almost flat with little relief and is encrusted with dark 
brown salt during the summer months with mud cracks and faint polygons. Some sections 
exhibit a regular polygonal pattern with edges about 15 cm long which rise about 5 crn 
above the polygon centre. 
Chemical data 
mean 
72.6 
4.0 
6.1 
1.2 
5.1 
0.3 
55.8 
40 - 50 
75.7 
5.0 
6.6 
1.4 
3.7 
0.1 
24.4 
Equivalent mineral proportions 
10- 20 
70.3 
4.0 
6.8 
1.2 
2.1 
0.2 
17.8 
2 -  10 
71.5 
4.2 
6.3 
1.2 
6.2 
0.8 
59.7 
Depth cm 
Si02 
A1203 
CaO 
Mgo 
Na20 
SO3 
C W )  
quartz 
clay 
calcite 
dolomite 
halite 
gY Psum 
Total 
50-80 
78.4 
3.7 
5.6 
1.0 
3.1 
0.1 
33.6 
20 - 40 
79.2 
4.6 
6.7 
1.2 
2.4 
0.1 
33.6 
0-2 
54.9 
2.8 
5.5 
1.1 
15.2 
0.9 
182.6 
over 80 
78.5 
3.7 
5.0 
1.1 
3.0 
0.1 
39.1 
57.1 
8.1 
6.7 
1.6 
24.8 
1.7 
100 
55.5 
16.2 
10.6 
2.3 
13.4 
2.0 
100 
65 
13.5 
9.5 
2.0 
9.3 
0.7 
100 
68.0 
14.0 
11.3 
2.1 
4.1 
0.5 
100 
65.6 
16.1 
11.3 
2.1 
4.7 
0.2 
100 
66.0 
15.5 
9.7 
2.2 
6.4 
0.2 
100 
70.6 
12.5 
9.1 
1.7 
5.9 
0.2 
100 
72.2 
12.3 
7.8 
1.8 
5.6 
0.2 
100 
3.9.2 Mineralogical composition through vertical profile of Sabkhat as Summ 
A generalised vertical profile through the As Summ site (Figure 3.9) was prepared from 
observations of the details of sabkha succession, and from estimates of the mineralogical 
composition obtained from the chemical analysis (Table 3.12). The sediments abovc the 
water table are as follows. 
(i) The top layer is a 10 cm thick layer of brown silty sand with some clay which is 
covered with hard crust (2 cm) composed of silty sand cemented with halite and 
gypsum. 
(ii) From 12 to 22 cm from the surface the sediment is composed of silty sand, and 
white mud with long gypsum crystals scattered throughout. 
(iii) A zone above the water table (between 22-78 cm deep) is composed of brown silty 
sand with some fine quartzose and some carbonate sand. A thin layer of clean, 
coarse sand occurs between 35 and 40 cm. 
(iv) Some white nodules were observed immediately above the water table. 
3.9.3 Geochemical composition of sabkha sediments 
Chemical analyses of sabkha sediments above the water table are given in Table 3.12. 
Quartz sand, is the main constituent and SiOz ranges from 33% in the top layers to about 90 
% through most of the profile. Silt and clay fractions represented by A1203 are distributed in 
uniform proportions (2.2 - 5.2%) and CaO and MgO from calcite and dolomite are found 
through the profile in the ranges 2 to 20%, and 0.3 to 5.4% respectively. 
Sodium shows a substantial decrease with depth and reaches about 0.4% immediately abovc 
the water table but 15% in the top layer. SO3 is a major component in the upper layers but 
is very low in the sediments below 22 cm from the surface. The evaporites tend to be halite 
in the upper layers and gypsum within the capillary fringe as (Figure 3.9). 
The main source of clastic materials are the surrounding siliceous sand bodics. The 
proportion of Al203, CaO, and MgO indicates that reasonable amounts ol' weathcrcd 
materials from the surrounding carbonate rocks of Dam and Hadroukh Formations, and that 
possibly a marine fauna has contributed to the clastic fraction of the sabkha. 

Table 3-12: Compositional variations in samples from Sabkhat As Summ (F) 
The Si02 versus other oxides variation diagram for the three sites at Sabkhat As Summ 
(Figure 3.10), shows that the major oxides present in the clastic and evaporite assemblages 
above the water table vary widely but tend to cluster into two distinctive groups; elemcnt 
oxides of the first site (Fl) that represents the eastern parts of the sabkha and arc intluenccd 
by the marine environment, have high silica. The oxides of the second sitc (F2), 
representing the western parts of the sabkha and i n t l u e n d  by the surrounding a~unt ry  
Chemical data: 
mean 
67.2 
2.9 
9.2 
2.1 
3.2 
8.5 
37.3 
35-38 
90.6 
1.4 
2.2 
0.6 
0.4 
0.1 
1.9 
Depth (cm) 
Si02 
A1203 
0 0  
MgO 
Na20 
SO3 
C u m  
Equivalent mineral proportions 
12-22 
42.2 
2.2 
20.2 
2.0 
1.2 
26.2 
9.3 
quartz 
clay 
calcite 
dolomite 
halite 
GYPSUm 
Total 
38-78 
85.7 
4.1 
4.5 
0.8 
1.5 
0.1 
9.4 
22-35 
75.7 
5.2 
2.7 
5.4 
1.8 
0.3 
9.0 
0-2 
33.3 
2.7 
12.3 
2.6 
14.4 
12.4 
193.3 
> 78 
96.0 
1.6 
5.2 
0.3 
0.9 
0.1 
11.2 
2- 12 
46.6 
2.8 
17.0 
2.8 
2.4 
20.5 
27.0 
28.8 
9.0 
4.1 
4.4 
27.0 
26.7 
100.0 
39.3 
8.7 
2.0 
4.4 
4.2 
41.3 
100.0 
35.3 
6.7 
1.4 
3.1 
2.1 
51.5 
100.0 
69.2 
17.9 
-0.5 
9.3 
3.5 
0.7 
100.0 
89.9 
4.7 
3.3 
1.0 
0.8 
0.2 
100.0 
75.8 
13.1 
6.9 
1.3 
2.7 
0.2 
100.0 
84.9 
4.8 
8.1 
0.5 
1.5 
0.2 
100.0 
60.5 
9.3 
3.6 
3.4 
6 
17.3 
100 
rocks, tend to have lower silica minerals. Thus Sabkhat As Summ shows variation with 
location from a silica-halitegypsum system to a silica-carbonategypsum-halite system. 
Sabkhat Al Fasl is located about 100 krn north of Ad Dammam immediately along the 
Arabian Gulf coast and has a distinctive triangular shape. It has been extensively reclaimed 
and has been investigated in substantial detail. This is discussed fully in Chapters 4 and 5. 
3.11.1 Location and physiography 
Sabkhat a1 Budu (sometimes called Al Khunn) lies some 90 km south of Harad, immediately 
at the edge of Rub Al-Khali. It is surrounded with palm trees of the Al Khunn oasis on the 
northern side (Plate 1). 'Ihis sabkha system is in the Yabrin area and represents sabkhas 
whose development was believed to be influenced by lateral groundwater seepage. Figure 
3.11 shows that the sabkha is located in an elevated area and is surrounded by As Summan 
plateau to the north-north-west which rises about 300 masl. Sabkhat Al Budu, itself is 
located in a depression about 112 masl, and is floored immediately by the Neogene rock 
complex. Loose sand bodies surround the northern part of the sabkha. The country rocks 
rise to about 80 m above the sabkha surface. Several dendritic drainage systems, such as 
Wadi Aqulah, Wadi Wabzah, and Wadi Shibhanah, run towards the sabkha, as shown in 
Figure 3.11 
The Yabrin area is characterized by numerous artesian hot water springs that are scattered 
mainly in Yabrin and Al Khunn oases (Italconsult 1969). According to Aramcos and 
MOAWs drilling program in the UER formation, it is indicated that the UER aquifer flows 
in the Yabrin area because of the topographical elevations. Elevations of the UER water 
table encountered in the recharge areas in the north, for example in the Maaqlah area, are 
some 500 masl, and in the discharge area of Yabrin some 200 masl. Some of the UER 
leakage therefore feeds the Yabrin and Budu sabkha system at depth. This sabkha has an 
irregular shape and is covered with dark brown, puffy, hard crust, mainly formed of silty 
materials encrusted with gypsiferous sediments and halite. The surface is desiccated with a 
distinctive hexagonal pattern with a repeat unit of up to 40 cm. 
Movement through the sabkha is very dangerous because of the presence of buried 
solution cavities Two pits (BI and ~ 2 )  were .. . therefore dug 300 m apart along the restricted 
truck trail. Water was encountered at 90 and 180 cm from the surface at the central and 
peripheral parts of the area respectively. 
3.11.2 Mineralogical composition of the sabkha sediments 
The results of studying the sediments in the walls of the open pit (B1 and B2) and the 
mineralogical composition of the sabkha sediments calculated from the chemical analysis in 
Table 3.13 are presented in a generalized vertical sabkha profile in Figure 3.12. 'The sabkha 
sediments are about 2 m thick. Their profile has two major zones as follows: 
(i) An upper layer 0-15 cm thick of silty sand encrusted with gypsum and halite 
with some fine to coarse colourless gypsum crystals. 
(ii) A thick layer (15-180 cm) of silty sand alternating with layers rich in gypsum 
crystals. A thin band of silty sand enriched with distinctive gypsum crystals was 
observed between 70 and 80 cm down. Some white to cream coloured muddy 
materials occur below 180 cm at the bottom of the sabkha deposits. The 
proportions of materials present are given in Table 3.13. 
3.11.3 Geochemical analysis of sabkha sediments 
Chemical analyses of sabkha sediments above the water table are given in Table 3.13. This 
shows that siliceous sand is the main clastic material in the sabkha sediments and this ranges 
from 12 to 40%. ?he amounts of CaO and MgO confirm that calcite and dolomite are 
widely distributed throughout the profile and that carbonates show a substantial increase 
with depth; f r0m23~% at the surface to 36 .% at the top of the water table close to the 
country rock. 
The main clastic materials in the sediments are sand, silt and clay derived from various 
sources, together with carbonates derived from the weathered carbonate rocks surrounding 
and underlying the sabkha. Siliceous wind-blown materials are supplied to the sabkha 
regime from the sand bodies to the north and weathered Tsm outcrops. 
The evaporite assemblage consists mainly of gypsum with minor halite. Gypsum can make 
over 80 % of the materials near the surface where halite is of modest abundance. Gypsum 
tends to grow where groundwater evaporates from sand at the sabkha surface typically 
where the water table is close to the surface. The 10 cm thick band enriched with gypsum is 
Table 3-13: Chemical and mineralogical compositional variations in samples from 
Sabkhat A1 Budu (Yabrine) 
Chemical data 
Depth (cm) 
Si02 
CaO 
Mgo 
Na20 
SO3 
LO1 
a(@) 
mean 
26.6 
11.6 
5.8 
2.6 
22.1 
4.4 
48.1 
0 -  15 
12.0 
44.0 
2.4 
3.2 
18.0 
1.2 
193.3 
Equivalent mineral proportions 
quartz 
calcite 
dolomite 
halite 
gY Psum 
Total 
175 - 190 
39.0 
29.0 
7.2 
2.4 
25.5 
7.1 
1.9 
15-46 
31.0 
19.9 
6.9 
1.4 
4.2 
3.6 
27.0 
32.8 
189 
13.4 
6.4 
60.2 
100 
10.2 
42.8 
9.2 
5.1 
32.8 
100.0 
46- 175 
33.0 
14.8 
8.4 
3.1 
9.5 
8.8 
9.3 
70-80 
18.0 
26.0 
4.1 
3.0 
33.0 
1.4 
9.0 
31.5 
10.8 
9.7 
3.6 
44.3 
100.0 
39.6 
30.7 
14.8 
3.3 
11.5 
100.0 
41.2 
8.6 
17.5 
7.2 
25.5 
100.0 
17.5 
1.4 
6.7 
5.5 
69.0 
100.0 



Si02(wt  %) 
Figure 3.13: Relationship between S i02  and other major oxides at 
Sabkhat A1 Budu (B), Yabrin area. 

therefore considered to represent deposition within the sabkha system during a priod of 
water table rise followed by a severe hot and dry period. 
Wadis running into the sabkha, as shown in Figure 3.11, supply the sabkha system with both 
clastic and potential sources of evaporite materials. The gross composition of sabkha 
sediments at site B is typical of inland sabkhas not i n t luend  by marine conditions. The 
variation diagram of major elements versus SiOz (Figure 3.13) indicates that the major 
components of the sabkha sediments at the Al Budu site tend to cluster towards the 
carbonates and gypsum-rich evaporites that are typical of continental sabkhas throughout the 
study area. 
3.12 OLD SALT-LADEN DEPOSITS IN THE ARABIAN PENINSULA 
For the purpose of comparison, some attention has been given to the chemical characteristics 
of the old salt laden deposits that are distributed in the Arabian Peninsula in the vicinity of 
prominent archaeological sites (Al Faw area) and the old lake deposits in Rub Al-Khali. 
The bulk chemical composition of two samples collected from the Al Faw area and other 
information of the old lacustrine deposits in Rub Al-Khali (reported by McClure 1984), are 
listed in Table 3.14 
Table 3-14: Chemical composition of salt-laden deposits (wt%) at A1 Faw and Rub Al 
Khali. 
4') Samples reported by McClure, 1984~ 
K20 
0.4 
0.1 
0.2 
Na20 
0.39 
0.19 
0.1 
0.1 
0.1 
0.1 
LOCATION 
FAWl 
FAW2 
RKl* 
RK2* 
RK3 * 
RK4* 
SO3 
38.9 
32.6 
0.1 
0.1 
61.4 
50.2 
Si02 
6.6 
6.2 
5.6 
5.3 
4.5 
4.5 
LO1 
7.6 
21.2 
40 
40 
4.3 
11 
MgO 
1.6 
1.5 
1.1 
0.8 
1.3 
1.5 
A203 
0.8 
0.7 
0.4 
0.4 
0.4 
0.1 
CaO 
35.8 
46.6 
48 
50 
37 
37 
The variation diagram of major elements versus SiO2 of the A1 Faw and Rub Al-Khali 
(Figure 3.14), contains clearly defined clusters. The general trend of the clustering shows 
that the samples have a strong affinity with the gypsiferous evaporite assemblage with 
carbonate components. 
3.13 CHEMISTRY OF SABMIA BRINES 
3.13.1 Introduction 
Brine water samples were collected from different locations in the several sabkhas, for 
chemical analysis, during the field work of the summer of 1992. Major cations and anions of 
the sabkha brine are given in summary in table 3.15 below. The ions of special importance 
are sodium, chloride, sulphate, calcium, magnesium, potassium and bromide. Patterson and 
Kinsman (1977) have suggested that the molar ratio of ptassium to bromine is conserved 
through the changes introduced in the brines with time and therefore reflects the origin of the 
water. Data relating to this view are discussed below. The level of sulphate in the solutions 
is strongly dependent on the concentration of sodium and chloride ions and on the extent to 
which carbonate is present in the sediments as well as to numerous other ionic 
concentrations. The data from the present sabkhas provide detailed information on these 
relationships. Most of the analytical data are summarised in Table 3.15. 
3.13.2 Origins of brines 
Patterson and Kinsman (1977) have analysed a series of brines from within a vcry broad area 
of sabkha in Abu Dhabi. They concluded that inland water is characterised by specific ratios 
between CI, Br, and K which contrasts with the corresponding ratios of marine water. They 
consider that these constituents reflect the origin of the water. In practice the ratios depend 
mainly on contrasts in the level of bromide which is higher in water of marine origin than it is 
in continental water. The representation of the relationship as a ratio is necessary because the 
actual bromide level depends on the total salt concentration and is clearly enriched by 
evaporation. The relationships can be summarized as follows. 
Marine origin 
Continental origin 
These ratios are expressed as molar quantities. In terms of the direct masses the ratios arc as 
follows: 
Marine origin <440 <12 
Continental origin >2200 >75 
Figures 3.15 and 3.16 show the CI/Br and K/Br relationships for the present brines. In figure 
3.15 A several points are close to a simple linear relationship that shows that C1 and K 
maintain a constant ratio and that the only real difference between the compositions is 
reduction in bromide and extent of evaporation. This could retlwt the origin of the water as 
specified by Patterson and Kinsman (op. cit.) or some mechanism of bromide removal in 
particular environments such as absorption in precipitated evaporites or through biological 
consumption. There is also evidence that Br is attached to clay minerals but does not occur 
in sulphates. It is said (Braitsch 1971) that the diadochic substitutions are that bromide gocs 
preferentially into potassium chloride salts hence the correlation with K and C1. The present 
data show that Na, C1, and K are closely related (Figure 3.16) so that it is not easy to 
distinguish a particular association with potassium. Braitsch also comments that Mg reduces 
the contrast in the behaviour of Na and K chlorides and the present data show a simple 
correlation between Mg, K, and Br. The brines with low bromide are from Sabkhat As 
Sarrar, Jeb Awayid, A1 Budu, and the site RC1 from A1 Fasl. These are all inland sabkhas. 
Sabkhat Al Fasl is discussed in the next chapter. Sabkhat As Sarrar may be affected by the 
UER aquifer, Al Budu is further frorn the coast and has artesian springs also thought to be 
related to the UER aquifer, and Sabkhat Jed Awayid is special in that the salts could have a 
partly diapiric origin and the water could be meteoric. However this sabkha is also locatd on 
structures that could mean that it is fed by the UER aquifer. Thus the samples with low 
bromide could all provide support for the view that the sabkhas are M from the deep aquifer 
with water of restricted composition. The evidence for this is particularly strong from 
Sabkhat Al Budu where the groundwater flows laterally and is t'ed gravitationally from the 
aquifer. If this is so the ratios of Mg, K, and Br should all be conserved. Figure 3.16 A 
suggests that Br is lower than would be expected by evaporation of sea water but could be 
derived by solution of NaCl crystals. 
It has been reported that the ratio of Br/CI for sea water is virtually constant at 0.0034 
(reported in Braitsch (1971)). The ratio for the gulf sea water is 0.0042. The coastal sabkha 
brines give ratios of 0.0023,0.0036,0.0034, and 0.0024. The mean of these results is 0.0032 
SO that there appears to be a close affinity with the typical marine water a)mposition. The 
inland sabkhas give the following ratios: 0.00034, 0.00059, 0.000050, and 0.00029. Hcnce 
rJr XI ~olar atio 

Figure 3.17 A: Relationship between sulphate concentration and 
other components in sabkha brines. 
Figure 3.17 B: Relationship between [-SO 4] and [a] abundance in sabkha brines in 
the eastern parts of Saudi Arabia compared with gypsum solubility m e  at Sabkhat Matti. 
rbLh.l Matti -5 UAR ( a h  Pnttenas 1972) 
the ratio for the inland sabkhas is between one and two orders of magnitude greater than that 
of the marine brines. 
3.13.3 Sulphate solubility 
The relationships between sodium, chloride, and potassium are closely linear and the 
solutions show a satisfactory charge balance. It is also found that while a scatter diagram 
results tiom plotting sulphate against sodium or chloride the plot is not without form. The 
scatter reflects the relationship between sulphate solubility and chloride abundance (Figure 
3.17). The highest sulphate brines have chloride contents that conform roughly with the 
sulphate solubility zone between sodium chloride solutions alone and the same curve in the 
presence of carbonate. The concentration of sulphate is also directly i n t l uend  by thc 
presence of bicarbonate and magnesium ions and a plot of the this is given as Figure 3.17. 
Thus the sulphate concentration appears to be at saturation with solutions of varying molarity 
in terms of bicarbonate, magnesium and chloride or sodium ions. The relationship can be 
expressed numerically as follows: 
where sulphate, sodium, magnesium and bicarbonate ion are expressed as mditre. 
With respect to the solubility of gypsum in sodium chloride solution the brines described 
here appear to be generally oversaturated. This retlects the intluenw mainly of the 
bicarbonate ion, which clearly increases the solubility of gypsum, and to a lesser extent the 
variation in magnesium content. The relationship to the solubility curve is illustrated in 
Figure 3.17. 
3.13.4 Chemical analysis of sabkha brines a t  Sabkhat As Sarrar  (S) 
As shown in Table 3.15 the salinity of this sabkha brine, as determined by chloride 
mncentration, is about double that of the Gulf water. The proportions of & and SO; of 
sabkha brine are also much higher than that of the Gulf water and bromide and ~ g ~ '  are low. 
Dincer et aL.(1973) reported that the high relative sulphate content in the aquifers above the 
UER are an indication of a vertical connection between these waters. The presence of the 
high sulphate in the sediments coupled with the water chemistry would have led to the 
present level of sulphate whatever the origin of the water. The sediments contain marinc 
fossils but nevertheless from the consideration of the water chemistry and in particular the 
ratio of bromide to chloride the sabkha appears to have a strongly continental fingerprint. 
3.13.5 Chemical analysis of sabkha brines a t  Sabkhat Abu A1 Hamam (H) 
As shown in Table 3.15 the salinity of the sabkha brine as given by the CI concentration, is 
almost 9 times that of the Gulf water. The proportions of SO4, and the MdCa ratio of the 
brine are 82200 and 221 respectively; about 100 times and about 30 times that of the Gulf 
water. These high values of SO4, and Mg/Ca ratio may be attributable to the brine at this 
site being in contact with gypsum and carbonates from the country rocks that surround and 
floor the sabkha basin but they could also reflect the lower pH and higher degree of 
saturation of the water in the evaporite phases. However this sabkha water is very special 
because it has exceptionally low Ca2+ and very high Mg2+. The ions balance because of the 
very high sulphate which must be rendered soluble by the magnesium. Possibly the 
extraction of sodium chloride has led to an accumulation of magnesium. Evidence for this 
is found in older analyses of this brine which shows an increase in the magnesium values 
meel (1968) 25268 mgL.lSmith (1980) 23919 mg/L and the present values (1993) of 
37330 m a ,  ,. 
3.13.6 Chemical analysis of sabkha brines a t  Sabkhat Jeb Awayid (JW) 
As shown in Table 3.15 the sabkha C1 concentration, is almost 10 times that of the Gulf 
water. The proportion of so4 &aches 4594 mgA, which is rnuih higher than Gulf water,. 
. - _  -._ . ~ _  . __.- - -  - * -  .- ,- . . - 4  
while the &?and Mg2+ mntenb are much higher than that of the Gulf water by 7.4 and 9.4 
times respectively. 
The Br content in the sabkha brine is 7.4 mg/l and is lower than that found in the Gulf water 
and the ionic ratio mr reaches about 750 and suggests that the brine of this sabkha is derived 
from a regime characterized by very low Br. This exceeds the limits of Patterson's scale. 
Such unique values of chemical fractionation might indicate that the sabkha brine is not 
derived from marine or the UER aquifer but could be derived mainly from rain water that 
has percolated through the loose dune sand and accumulated above the impervious layers 
encountered above the sand body. 
From the natural setting of Sabkhat Jeb Awiyad described earlier, despite the huge salt body 
situated below the present sabkha (Dimock 1955 and Smith 1980). there is no evidcncc of 
marine environment. 
Table 3-15: Groundwater chemistry of major sabkhas in the eastern parts of Saudi Arabia 
sabkha 
K 
Z 
R 
F 
RC7m 
RC4ml 
RC1-1 
H 
JW 
S 
B 
SW 
~ ~ t a o ~ e  
Oun) 
7 
4 
15 
7 
5 
15 
27 
47 
35 
110 
320 
Ca Na K 
------------------------ mgfl--------- 
2398 
1780 
6100 
1870 
3484 
3430 
2280 
169 
4305 
2256 
2903 
432 
C1 
gr.1~ 
12 
1.1 
1.01 
1.1 
1.2 
1.2 
1.2 
13 
1.2 
1.1 
12 
1.02 
2.9 
2.1 
1 9 
1.6 
2.4 
2.7 
0.9 
222 
1.6 
0.8 
1 .I 
2.7 
7001 
3700 
11667 
3060 
8370 
9240 
1990 
37330 
6928 
1809 
3089 
1188 
Br 
22.5 
95 
15.1 
22 
15 
31.6 
58.2 
76.6 
7483 
109.6 
100.1 
8.6 
94720 
35400 
84500 
33600 
99930 
105600 
28200 
76720 
72365 
17840 
37720 
9337 
6.8 
75 
6.7 
7.4 
7.8 
6.8 
7.6 
7.0 
6.6 
73 
7.1 
78 
SO4 
4750 
1070 
4730 
1120 
3253 
2780 
570 
18060 
2706 
590 
2010 
357 
HC03 
181200 
64320 
186300 
60450 
181700 
205550 
68720 
178800 
146597 
32760 
69225 
20100 
Mg/Ca 
431 
230 
640 
100 
438 
180 
20 
482 
7.4 
11 
41 
85 
WBr (molar) 
2950 
7660 
2150 
6100 
4660 
3770 
6620 
82200 
4597 
3758 
4002 
2800 
pH 
28 
146 
20 
120 
62 
129 
98 
687 
37 
54.6 
12 
85 
Density 
3.13.7 Chemical analysis of sabkha brines in sabkhas in Dawhat Zalum (K & 2) 
Brine samples from two different open pits of Sabkhat A1 Half Moon, and Al-Aziaia wcre 
collected for chemical analysis during the field work in the summer of 1993, The C1 
concentration, is about 9 times that of Gulf water. The concentrations of Ca and SO4 of the 
brine are also much higher than for the Gulf. These high values are in keeping with the 
prcsence of gypsum that tends to precipitate out from the saturatd brine as crystals above 
the water table in Zone 11. The ionic K/Br ratio varies from 9.5 to 22. suggests that the 
present sabkha brine is derived mainly from marine water. 
3.13.8 Chemical analysis of sabkha brines a t  Sabkhat Ar Riyyas (R) 
The analytical results for this brine show that the Na, Cl, Ca, and Mg contents are much 
higher than those found in the Gulf water. Sulphate ions are in almost the same proportions. 
The low ionic ratio of K.5r of 15.1 is good indication that the sabkha brine water was 
formed originally and is still replenished from a marine source. 
3.13.9 Chemistry of brine a t  Sabkhat As Summ O: 
Analyses of three brines collected from Sabkhat As Summ are given in Table 3.16. These 
show that the Cl, SO4, and Mg, contents are much higher than found in Gulf water but with 
concentrations of C1, Na, SO4, and Mg decreasing substantially from the eastern side at F1 to 
the western side (at F3) in the vegetated zone. This implies that a considerable amount of 
fresh water flows into the sabkha system, especially along the present vegetated belt, and 
dilutes the existing hypersaline sabkha brine. 
Table 3-16: Chemical analysis of water in mgll from Sabkhat As Summ (F') 
3 
*: distance fwm the sea shoreline, **: C1 in gr.11, y: density in g/cm 
The increase in bicarbonate ion from 40 to 405 mg/l coupled with the great reduction in 
chloride from the middle of the sabkha (Fl) to the western side (F3) in the vicinity of the 
vegetation also suggests that the western parts of Sabkhat As Summ are supplied with water 
that infiltrates from the fractured carbonate rocks. 
The ionic ratio of K/Br at Sabkhat As Summ ranges from 20 in the eastern parts (Fl) to 24 
in the western parts (F3). However, since the ratio found in the water collected from the 
vegetated zone approaches that of mixed water, it is presumed that a source of mixed water 
runs along the existing vegetation belts. The parallel alignment of the prominent vegetation 
belt with the NE-SW main folding axes in the area (as discussed in Chapter 2), the high 
bicarbonate ion content, reduced salinity of the water, and the marginal mixed water value of 
K/Br all suggest that water flows from deep aquifers by artesian pressure to supply the 
western part of the sabkha system maintaining a relatively fresh water regime along the 
vegetation belt. 
3.13.10 Chemical analysis of brines from Sabkhat A1 Budu (B) 
Water chemistry of Sabkhat AI Budu-given in Table 3.15 shows that the salinity of this 
water ~ ~ - .  is about four times higher than the current salinity found in Gulf water. The 
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concentration of Ca and SO4 are much higher than those of the Gulf water. The-high 
concentration of SO4 in the brine reflects the equilibrium with gypsum crystals. The 
abundant sulphate present is considered to be derived ultimately from the UER aquifer 
leakage water that contains a high SO: content (Dincer 1973 and Italconsult 1962). The 
concentration of the HC03- ion is also much higher here than is found in the Gulf and other 
sabkha waters in the study area. This can be attributed to the carbonate hosts of the sabkha 
and the frequent flood waters that carry considerable amounts of HCO;. The ionic ratio of 
K/Br in the sabkha brine is about 100. According to Patterson and Kinsman scale (1977), 
this indicates that the brine is of mixed continental and marine origin. If this is so it supports 
the view that Sabkhat Al Budu developed originally along a depression in the Yabrin area 
and was supplied initially with marine water during the Late Tertiary. The sabkha was later 
isolated from the sea by marine regression so that currently the sabkha brine is supplied 
mainly by water discharged from the deep UER aquifer and surface run-off. The latter 
relates to occasional replenishment by storm water from the streams that flow from the 
NNW escarpment. 
Holm (1960), and Glennie (1970) and other investigators considered that most of sabkhas 
inside Arabia including Sabkhat Al Khunn and Sabkhat As Sarrar within the present area 
were originally formed where depressions were filled with marine water but later isolated by 
marine regression, The water chemistry and ionic ratio of K/J3r in the sabkha brinc and the 
remnants of marine fauna at As Sarrar confirm this initial speculation. 
3.14 NATURE AND ORIGIN OF SABKHA SEDIMENTS 
3.14.1 Sabkhat As S a m r  
The matrix materials in these sediments are mainly composed of quartzose sand with lesser 
calcite and some clay materials. Most of these materials are derived from surrounding rocks 
and sand bodies and were carried into the sabkha basin by streams that frequently tlow 
towards the basin. Sand and weathered materials are also carried into the sabkha by wind 
action. The slight increase in calcite upward in the section probably retlects a minor change 
in the source materials with time with blown sand becoming of slightly less significance. 
Physiographical features around the sabkha, as shown in Figure 3.2, indicate that there is a 
direct correspondence between the stream elevation and the source of the sabkha matrix and 
the transportation mechanisms. Coarse quartzose sand may be transported from the sand 
bodies north of the sabkha by strong winds. 
Evaporites at Sabkhat As Sarrar are mainly composed of gypsum-rich layers distributed 
throughout the sabkha profile and alternating with eolian-type sand. Gypsum is precipitated 
at the top of the capillary fringe and its distribution may retlect changing water table levels 
with the water surface rising with time. Halite and traces of anhydrite are minor components 
of the evaporites. They are concentrated near the upper surface including the surface crust. 
The evaporite assemblage in Sabkhat As Sarrar is derived mainly from the country rocks 
surrounding the sabkha basin, and dissolved by the water that flows from the UER aquifer 
through artesian pressure, and by the rain water that frequently enters the sabkha basin. The 
field observations show correspondence of sabkha alignment with major deep fold axes and 
associated fractures and there is evidence of artesian pressure in the As Sarrar area along 
with the occurrence of scattered oases. Piezometric pressure that increases with depth and 
high sulphate content is a characteristic of UER water. 
3.14.2 Sabkhat Abu A1 Hamam 
The distinctive layered structure in this sabkha is controlled locally by the shallow 
groundwater and a capillary fringe that intersects with the ground surface so that the sabkha 
surface is always wet. The effect of the wet surface is to provide a natural sand trap which 
is always capable of catching sand drifting from the surrounding Jafurah sand sca during 
sl~amrnal (NNW) winds and it is this that produces the alternations of sand and evaporite. 
The thick salt crust at the sabkha surface is formed mainly through the continuous salt 
migration accompanying moisture rise through the evaporative pumping mechanism. 
3.14.3 Sabkhat Jeb Awayid 
In summary the field observations of the stratigraphy of the sabkha sediments together with 
the water chemistry reveal the followihg: 
The absence of marine fauna. 
Very high C1, Mg, and Ca contents in sabkha brine compared with that in the 
Gulf water 
Very low Br content in the brine and high K/Br ratio. 
The presence of a large salt body underneath two distinctive hard cemented 
calcareous gypsum-rich layers, that are distributed as rims around the salt body. 
Evidence of folding and associated fractures. 
These parameters suggest that the source of water at Jeb Awiyad sabkha is of neither marine 
nor continental origin. It could have been derived from the rain which percolated through 
loose sediments and was trapped above the impervious calcareous and gypsiferous layers. 
Presently the sabkha sediments above the calcareous rim are mainly formed of eolian sand 
that is derived from the sand dunes surrounding the sabkha system (Plate 1). 
Sabkhat Jeb Awiyad could have been formed during the Quaternary period. The sabkha was 
developed in the lowland area between the sand dunes and on top of a huge salt body that is 
probably formed through salt movement as a result of folding or fracturing at depth. Such 
movements in the Gulf area have been described by Ayres et. al. (1982). It was reported by 
Purser 1973, that salt bodies surfaced in the Gulf region and have been observed in different 
places along the coastal shore line at Yas Island in Abu Dhabi. The regular distribution of 
calcareous and gypsiferous layers above the halite body at Jeb Awiyad gives an obvious 
indication that the hypersaline liquid that moved upward cooled and formed these layers 
with a regular arrangement because of the different solubility products of the evaporite 
phases. Based on the above observations, it may be suggested that Sabkhat Jeb Awiyad 
developed under a non-marine environment and could have bwn replenished by rain watcr 
and water from deep aquifers rising via fractures. 
3.14.4 Sabkhat Half Moon (K) and Sabkhat A1 Azizia 
The materials distributed above the water table in this sabkha are mainly quartzose sand, silt, 
and some carbonate materials. These materials are derived mainly from the drifted sand 
from the surrounding sand dunes, and partly from marine materials. The main source of the 
evaporite assemblage is marine water that continuously supplies the sabkha system. Laths 
and big crystals of gypsum were observed in the sabkhas along Dawhat Zalum. 
Table 3-17: Summary of mean chemical analysis of sabkha sediments of major sabkha 
systems and other old salt-laden deposits in Saudi Arabia (w t %). 
3.15.1 Classification of Saudi sabkhas on the basis of their geochemical composition 
The major chemical characteristics of the diverse sabkha sediments above the water table 
from each excavation in this study are s u m m a r i d  in Table 3.17. The variation diagram of 
SiO2 versus the major oxides Na20, SO3, CaO, MgO, and A1203, for sediments above the 
water table for each excavation is shown in Figure 3.18. This shows clearly the two major 
evaporite assemblages and the varied clastic materials of the sabkha sediments which can be 
seen to fall into three main groups or clusters based on the amount of silica and the evaporite 
types. The three groups are as follows. 
Group I: Quartz-Carbonate- Halite- Gypsum System 
The sabkha sediments in this group are characterized by a high proportion of Si02, a 
relatively low evaporite assemblage, and a considerable amount of CaO; (typically about 
70% Si02,S-10% CaO, and about 10% evaporite). The evaporite assemblage is mainly 
composed of equal amounts of halite, and gypsum. Most of the sabkhas that developed 
in the coastal plain or in the vicinity of the shore, such as Sabkhat A1 Half Moon, Azizia, 
Ar Riyyas, As Summ, and A1 Fasl, form part of this cluster. The sabkha sediments are 
mainly derived from siliceous sand dunes that surround the sabkhas, but varied and 
sometimes considerable amounts of marine and continental carbonate materials are also 
mixed with siliceous sands. The evaporite assemblages lack anhydrite and are 
developed from marine water and have halite dominant over gypsum. 
Group 11: Quartz - Carbonate- Gypsum - Halite System. 
This represents the sabkha sediment where there are roughly equal proportions of silica 
and evaporite phases. As seen from the Table 3.17 and Figure 3.18 the silica reaches a 
concentration of up to 40% and evaporites are in a wide range between 2 - 28%. In the 
evaporite assemblage halite makes 1-11 % of the materials, whilst gypsum range up to 
40%. Carbonates represented by CaO, and MgO are also abundant. From Table 3.17 and 
Figure 3.18, most of the sabkhas of group 11 such as Sabkhat As Sarrar, and Sabkhat A1 
Khunn developed in the hinterland between the carbonate rocks of the Rus and 
Hadroukh formations. These sabkhas are located some 100 to 200 km from the present 
Gulf shore line. The compositions point to the source of the main constituents of the 
sabkha sediments being mainly surrounding siliceous and carbonate rocks. Most of 
these sabkha materials are of terrestrial origin. The evaporite assemblages are mainly 
gypsum with lesser halite which is always concentrated in the surface crust. From Table 
3.17 and Figure 3.18 there is marked variation in the concentration of halite in these 
sabkhas and this variation can be attributed to the limited source of halite and the way in 
which it dissolves and is brought to the surface when the sabkha basin is flooded by rain 
or discharge water. It is also precipitated on the surface and becomes dry and powdery 
and can be blown away by the strong summer winds. 
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Figure 3.18: Variation diagram showing the relationship between the average of 
Si0,and major oxides abundance in sabkha sediment and old salt-laden deposits 
distributed in the eastern parts of Saudi Arabia. 
Group 111: (i) Carbonate - Silica ~ystem, and 
(ii) Gypsum - silica - carbonate system. 
For the purposes of comparison lacustrine deposits from old lake deposits in Al Faw and 
A1 Rub Al Khali are presented on the same graph. The lacustrine deposits make a vcry 
sharp group characterized by a very low silica content (about 10%). A high proportion 
of the evaporite is gypsum and there is very little halite. 
3.16 CLA~SIFICATION OF SAUDI SABKHAS ON THE BASIS OFTIIEIR WATER CIIEMISTRY 
Ions that make the evaporites are derived from marine water, from continental water tlowing 
from deep aquifers, and from rain water that flows into the sabkha basin. Comparison of the 
inherent composition of these waters therefore allows consideration of the sources of the 
changing aqueous regimes of the various types of sabkha. The sulphate content for example 
characterizes the leakage of water from the deep aquifer, and chloride the marine sources 
but the sulphate in solution is strongly influenced by the bicarbonate ion which appears to 
relate to the terrestrial waters. The present work supports the view that the ionic ratio of 
K/Br can be used to differentiate between marine, mixed, and continental water as suggested 
by (Patterson and Kinsman (1977) and McKenzie (1980)). 
The relationship between the product of the calcium and sulphate concentrations and 
chloride concentration for all the brines collected from the studied sabkhas is shown in 
Figure 3.17 along with the saturation curve for sabkha waters (Patterson (1972)). This 
figure shows that all sabkha brines in the study area (coastal, and continental sabkhas) 
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plot above the saturation curve. This means that most sabkha brines within the study area am 
over-saturated with respect to gypsum and anhydrite. During the field investigations, 
gypsum crystals were found within the capillary zone and immediately above the present 
water table. However the present work shows that sulphate solubility is greatly intluencd 
by the carbonate ion concentration as well as the magnesium and chloride levels. 
The relationship between sulphate concentration (SO:) and ionic ratio of (K/Br) for all the 
brines collected from thesabkhas is shown in Figure 3.19. 'Ihis shows that the sabkhas in 
the study area can be classified into four groups based on the ionic ratio of WBr and 
sulphate content, which reflect the origin and replenishment of sabkha brines. These arc as 
follows. 
Group I: This is a cluster of sabkhas with low values of (SO,'), and (K/Br). These 
values reflect the source of sabkha brine as derived largely or wholly from a marine 
water source. Sabkhas in this group such as (Sabkhat Al Half Moon, Al Azizia, eastern 
part of Ar Riyyas, As Summ, and eastern part of Al Fasl developed in the coastal zone. 
They are connected to the Gulf, and are still replenished mainly by marine water. 
Group 11: This is a cluster of sabkhas located in the hinterland and characterized by 
high values of SO4' concentration and K/l3r ratio. Values as shown in Figure 3.19 
indicate that this brine is derived from a mix of marine and continental waters. These 
sabkhas have been cut-off from the Gulf water since the late Tertiary period, they are 
replenished, at the present time from continental waters from the UER aquifer that 
contains a high level of SO: as recognised by Dincer (1973) and Italconsult (1969). 
Frequent rain storms also replenish these sabkhas. There is evidence of the effects of an 
original marine environment (Thomas et. al. (1981)) for the sabkhas of this group. 
Sabkhat As Sarrar and Sabkhat Al Khunn fall into this group. 
Group 111: These sabkhas show intermediate values of SO4= and KjBr ratio, and tend to 
cluster between group I and group 11, as shown in Figure 3.19. Sabkha brines in group 
I11 can be described as currently being supplied with water of both marine and 
continental origin. The high Br concentration of these sabkha brines suggests that they 
are still replenished with a considerable amount of marine water, (Patterson and 
Kinsman (1977)). Sabkhas represented in group I11 are found in isolated zones 
between Jafurah sand dunes such as the western parts of Sabkhat Al Fasl (RCl), in the 
vicinity of vegetation belts crossing sabkha systems such as Sabkhat As Summ and 
some parts of Sabkhat Al Fasl. Though sabkhas in group I11 developed under marine 
conditions earlier, at the present time the sabkha brines are replenished mainly from 
water that flows from deep aquifers by artesian pressure, by marine water that seeps into 
the sabkha system, and partly from the rain water that flooded the sabkha basin 
occasionally. 
Group IV: Sabkhat Jeb Awayid has a very high value of SO: and K/Br ratio as shown 
in Figure 3.19. According to Patterson and Kinsmans scale (1977), the compositions 
indicate that the brine from Sabkhat Jeb Awayid is derived from continental water. 
Patterson and Kinsman 1977 , and McKenzie 1980 did not differentiate between K/Br in 
the continental water (>125), rain water, and leakage water from deep aquifers and it is 
difficult to ascribe such water as derived from either rain water or from deep aquifers. 
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Figure 3.19: Relationship between the ionic ratio of K/Br versus SO, for 
the major sabkha brines in the eastern parts of Saudi Arabia. 
CHAPTER 4 
4. SABKHAT AL FASL - BEFORE RECLAMATION 
Special attention has been given to Sabkhat A1 Fasl, and in particular attention has bccn 
rt areas devoted to various aspects of engineering geology relating to the reclamation of larbB 
of the sabkha. Emphasis has been given to evaluating the possible mechanisms though 
which the water table level is maintained, that control the concentration of salts in the brines, 
and precipitation of evaporites. The general validity and occurrence of processes such as the 
evaporative pumping mechanism have also been investigated. 
An attempt has been made to evaluate the natural setting of Sabkhat Al Fasl before and 
during the construction of W A S  so that comparison can be made with the present 
conditions, and the consequential geological hazards assessed. This has been carried out . 
using the author's experience (1980-1993) and available information and records, that have 
been produced by several organisations for the Royal Commission Office (A1 Muhandis N. 
Kurdi (1977), Dames & Moore and Basil (1976), Saudconsult (1979) and James and Little 
(1994)), as well as the available MSS-Landsat images (1974), geological and topographical 
maps and various other reports, e.g. Powers et al. (1966). 
Most of the landform has been reclaimed since 1980 by covering the sabkha surface with 1 
to 3m of sand, but it remains possible to select representative sites to characterize the original 
sabkha. A total of eight pits were dug in these remnant patches, six open pits being 
distributed along an E-W profile (RC1 to RC6) whilst the remaining two pits were excavated 
in the northern parts at RC7 and RC8 (Plate 2). The pits were excavated with shovels down 
to the water table. 
4.2 NATURAL SE'lTINC OF THE URBANIZED PART OF SABKIIAT AL FASL BEFORE 
RECLAMATION 
4.2.1 Physiographical features: 
Sabkhat Al Fasl is located about 100 km north of Ad Dammam immediately along thc 
Arabian Gulf coast and has a distinctive triangular shape. The principal axis is orient& in a 
NW-SE direction. It covers an area of about 160 km2 , (Figure 4.1). The area investigated 
Figure 4-1: Landsat image showing the boundary of Sabkbat Al Fwl before 
reclamation and urbanization program, 1973. 
Figure 4.2: Study area within the reclaimed parts of Sabkhat A1 Fasl 
within the boundary of (MAJAS) site. 
Figure 4-3: Regular polypnal pattern experienced in the salt crust covered Sabkhat 
A1 Fasl during the summer. (Note the damaged concrete pedestals.) 
covers only the reclaimed parts of Sabkhat Al Fasl within the MAJAS site as shown in 
Figure 4.2. The engineering geological map (Plate 2) shows that a considerable part of the 
reclaimed site (about 40%) was originally sabkha landform. It had a very low relief with 
elevations of the surface ranging between +2m and +3.8 m above the Royal Commission 
Datum (RCD is about +1.38 m above sea level). 
Sabkhat A1 Fasl and associated terrain before reclamation showed four distinctive features. 
i. Sabkha in which the ground surface elevations varied from +1 to +3.0 m RCD. This 
represents 40% of the area. 
ii. Low relief sand bodies covering about 15% of the site and ranging in elevation from 
+3 to +6 m RCD. 
iii. High relief (sand sheet and sand dunes) more than +6 m RCD which represents about 
40% of the area. 
iv. Low relief hills of Hadroukh formation and beach deposits which make about 5% of 
the area. 
The eastern part of Sabkhat Al Fasl has very little relief (Plate 2). Some lithified beach 
deposits 2-3 m high are found between the sea and the sabkha terrain. The western and 
south-western parts of Sabkhat A1 Fasl make an inland flat area where sabkha patches are 
scattered between sand dunes. These parts of the sabkha are isolated from the sea at the 
present time and are situated in a landform of relatively high relief. The elevation of the 
sabkha surface here reaches some 10 m above RCD (pit RC1) and the surface of the sabkha 
is covered with a dark brown silty sand layer encrusted with some 2 cm of salt. 
During the SUrr~mer months the eastern parts of Sabkhat A1 Fasl surface show pressure 
polygons with a regular pattern about 30 cm long on their edge and rising about 5 cm! 
above their b&e as shown in Figure 4.3. A faint polygonal pattern is also observed& the 
inland parts of the west and south-western parts of the sabkha During the winter months the 
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sabkha is occasionally tloodedby the tides and rain. The water table in sabkhat A1 Fasl is 
typically 30 to 70 cm from the ground surface. 
Visual examination of sabkha deposits throughout the several pits show the sabkha to be 
heterogeneous in terms of its composition, source of clastic sediments, the brine 
replenishment scheme, and mode of formation. Three main types of sabkha sediments have 
been recognized from the field examination which consist of coastal sediments mainly of 
marine origin, landward deposits mainly of dune sands, and a poorly defined intermediate 
zone. 
The coastal sabkha consists of a thin layer of salt crust and one to two metres of loose marine 
sand underlain by grey clay material mixed with marine shell fragments. It would have been 
subjected to frequent flooding due to high tides and heavy rain and replenished periodically 
with marine sediments and marine water. During the summer, the sabkha surface would have 
been covered with a thick salt layer of 2 to 4 cm with mud cracks and polygonal salt crust 
cracks forming in the sabkha surface after drying. This sabkha is restricted to the eastern and 
northern parts along the shore. It is a flat area rising gradually landward. The elevation, 
before construction varied between +2 m to +3.8 m RCD. 
The inland deposits are mainly composed of reworked dune sands with some silty carbonate 
materials derived from the surrounding carbonate rocks. They are mainly underlain by dune 
sand and are composed largely of terrestrial clastic materials. This type is found mostly 
surrounding that founded on clay and occurs between dune areas in the western and south- 
western parts of the sabkha. These patches are not connected to the sea at the present. Most 
of the scattered patches of sabkha are found in lowland areas with surrounding dunes. They 
are occasionally filled with seasonal rainfall. 
Lateral variation between the marine and terrestrial sabkha sediments can be found with 
transition between the landward and seaward sabkha types. This intermediate zone consists 
of a combined sandy clayey deposit reflecting the effects of seasonal high tides and prevailing 
winds. Sand pockets and coarse dune sand layers alternating with beds of marine shells and 
sand are found in several locations within the sabkha. 
Undulating sand dunes, vegetated sand sheets, and remnants of rock outcrops are distributed 
in and around the sabkha (Plate 2). The topography of this terrain ranges from +5 m RCD 
upwards. High relief is encountered in the sand dunes in the western and south-western parts 
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of the area where elevations can reach up to +30 m RCD. Non-vegetated sand dunes (Qd) 
and vegetated sand sheets (Qdv) are scattered within and around the sabkha. Different types 
of sand dunes range in elevation from 5 to 20m RCD. Some vegetated sand sheets with low 
relief also occur within the sand dune field and around the sabkha landform. The sand dunes 
and sand sheets are composed of fine to medium grained well sorted s i l iwus  sand with 
some carbonate materials. A vegetated belt trending NNE and other patches of highly 
vegetated sand and oases (VB), all mainly palm trees, are scattered in and around the sabkha. 
Drilling operations and geophysical studies during the site investigation program for thc 
urban development (Kurdi (1977)) supplemented with the authors field observations 
indicated that the sand bodies in the middle and marginal zones of the sabkha overly the 
sabkha deposits. Sand bodies in the western and south-western parts of the sabkha are on 
Hadroukh rocks. 
Flat, low relief (2-3m) hills of moderately hard rock and beach sand (Qm) form a barrier 
between the Gulf and sabkha on its eastern side. These zones are mainly fine grained sand 
with a significant amount of clay and calcareous material including shell fragments. Some 
outcrops of calcarenite and oolitic limestone containing shells (Qc) are also found on the 
eastern side of the area and in the vicinity of the shore. 
Remnants of highly weathered very low relief rocky hills of cemented carbonate sand are 
present in the western and southern side of the sabkha. These rocks are mainly sandy 
limestone with some sandy marl bands of the Hadroukh formation (Tsm). The cross section 
illustrated in Plate 2 and Figure 4.4 show the Hadroukh Formation forming the floor of the 
sabkha, and other associated sandy deposits, at an average depth of about 15m beneath the 
Quaternary sediments. 
4.2.2 Geological structure 
Geological reports by Steineke and Bramkamp (1952), and Powers et al. (1966) indicated 
that the area that hosts Sabkhat Al Fasl is located within a stable landform. Deep drilling and 
geophysical investigations (Kurdi (1977)), revealed no evidence of major bedrock faulting 
or of shear zones in the area. However, Edge11 (1991) reported the presence of fractures in 
the country rocks beneath Sabkhat Al Fasl associated with a major folding system in the 
Eastern Province. In addition, the landsat images and field observations indicate that the 
most significant structural feature in the sabkha area is the lineament marked by the north- 
north-eastern vegetated belt which extends from Al Azizia in the south to the MAJAS site in 
the north. This vegetation belt which could run along a fracture zone extends almost parallel 
to the major trends of the folding system (NNE-SSW). 
The geological cross section developed from borehole logs (Figure 4.4) shows that the 
thickness of sabkha sediments is about 15 m.. A plastic clayey-sand layer with marine shell 
fragments is found beneath the sabkha sediments with highly weathered Hadroukh formation 
occurring at the bottom of the sabkha sediments at a depth of about 20m. The stratigraphical 
sequence hosting the sabkha regime dips gently (10 to 50) from NNW to SSE towards the 
Gulf. 
4.2.3 Regional hydrogeological regimes of Sabkhat a1 fasl 
The hydrogeological regime of Sabkhat Al Fasl was evaluated using the regional 
hydrogeological framework in the north-eastern parts of Saudi Arabia established by Niami 
(1965), Italconsult (1969), and deep drilling information at the M A S  site by Kurdi (1977), 
Dames and Moore and Basil (1976), Saudcc~nsult (1979) and Ardman & Association (1980) 
during the site investigations. Collected data have been incorporated into Figure 4.5. This 
work shows that the groundwater regimes beneath Sabkhat Al Fasl consist of four aquifers: 
the shallow Neogene aquifer in Quaternary deposits, the intermediate aquifer in A1 At, the 
deep aquifer at Al Khobar and the very deep aquifer in the UER formation. This work 
showed that the groundwater in the deep aquifers below the sabkha landforms flows laterally 
in a north-easterly direction toward the Gulf. Upward flow due to artesian pressure in the 
vicinity of Sabkhat A1 Fasl has been reported by Bakiewicz et al. (1982), Job (1978) and 
was observed by Patterson and Al Saafin (1982) at several places in the eastern Province. 
An upward tlow due to artesian pressure beneath Sabkhat Al Fasl at the W A S  site was 
recorded in 20 locations during the drilling programs performed by Kurdi (1977) and 
Saudconsult (1979). Records showed that the artesian head found during the drilling reached 
up to 5.5 m above the ground surface existing before reclamation. 
Bakiewicz et al. (1982) pointed out that the upward tlow through artesian pressure partially 
replenishes the Neogene shallow groundwater and the water of sabkhas distributed in the 
eastern parts of Saudi Arabia. Water salinity of the deep aquifers beneath the sabkha 
landform as reported by Italconsult(l969), reaches 1820, 2190, 2220 and 3520 mg/l in the 
UER, Al-Khobar Alat and Neogene aquifer respectively. 
4.2.4 Shallow groundwater in Sabkhat A1 Fasl before reclamation 
(i) Water levels 
Figure 4.4, shows that the shallow groundwater regime of Sabkhat Al Fasl and below blown 
sand bodies is part of a continuous shallow aquifer supported by the thick clay layer of 3 m 
encountered below the Quaternary sediments. This aquifer is mainly in the unconsolidated 
sand which varies in thickness from 3 m in the sabkha landform to about 15 m in the dune 
field area. Figure 4.4 also shows that the shallow groundwater table beneath the sand bodies 
in the inland area to the south and south-west of sabkha varied from +5 to +25 m RCD. 
Shallow water table elevations in the sabkha landform itself were less than +4 m RCD. 
Differences in the gradients of the water table suggest that shallow groundwater t lowd from 
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Hadroukh formation 
I 
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Figure 4.4: Generalized geological cross section representing the morphology 
and sub surface setting across Sabkhat A1 Fasl before reclamation, 1976. 
the high elevations of the south-western side to the low elevations of the north-north-eastern 
side and towards the Gulf. 
The shallow groundwater regime before the W A S  development, was reconstructed from 
the water table records reported by Kurdi (1977) using 500 readings distributed in sabkha 
and other sandy terrain within the W A S  sites. Figure 4.6 illustrates the depth to the water 
table encountered before reclamation and shows that the depth to the water table was less 
than l m  from the then existing ground surface. The depth to the water table in the sand 
sheets at the edges of the sabkha varied from 1 to 2 m. During the drilling in 1976 the water 
table in sand dunes in the middle of the sabkha (Pristine hills) and in the south and south- 
western parts, was found to be very close to the crest of the dunes. It was encountered at 
about 3.1 m below the crest of dunes in the Pristine hills area where the crest elevation was 
at +13.4 m RCD and in the south-western parts of the area, the water table occurred at 2.1 m 
below the dune crest elevation of +10.6 m RCD (see Figure 4.7). 
(ii) Water composition 
Chemical analysis of water samples obtained from undisturbed parts of Sabkhat Al Fasl in 
early 1983 by Al-Saafin and Anton indicated that the chloride concentrations of the sabkha 
brine reached up to 160,000 mg/l in the central parts of the sabkha but varied from 25,000 to 
60,000 mgll in the peripheral parts and in the sand sheets. Chemical analysis of water 
samples collected during the excavation in 1983 in the Pristine hills and the water within the 
vegetated zone to the west of the sabkha gave,less than 14,000 mg/l. The low salinity values 
at the western edge of Sabkhat Al Fasl could be attributed to a low evaporation rate 
combined with infiltration of rainfall that dilutes the sabkha brine under the sand dune. 
Alternatively these zones may be located along the fracture zone reported by Job (1978) and 
Edge11 (1991) along which fresh water leaks. 
4 3  MINERALOGICAL COMPOSITION THROUGH THE VERTICAL PROFILE OF THE SABKIIA 
SEDIMENTS 
The results of the field investigation and the mineralogical and geochemical characteristics of 
the sabkha sediments confirm that Sabkhat Al Fasl consists of two different types of 
material: coastal subkha connected to the gulf and inland subkha now cut-off from the gulf. 
Stratification of sabkha sediments observed in the field and their probable mineralogical 
composition calculated from the chemical analyses, for both types, are given in Tables 4.1 
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Figure 4.6: Depth to water table at Sabkhat A1 Fasl before 
reclamation, 1976. 
and 4.2. Generalized vertical profiles representing coastal and inland sabkha sediments have 
been produced (Figures 4.8 and 4.9 respectively). 
Figure 4.8 showing that the sediments above the water table of the coastal sabkha (pit RC7) 
consist of distinctive layers as follows. 
The top layer is 10 cm thick layer and is made up of a of brown silty sand with 
carbonate materials. ?his layer is mostly covered with 2 cm of hard salt crust, 
mainly composed of silty sand cemented with halite and gypsum. 
A distinctive hard layer occurs between 10 to 16 cm down and is composed of grey 
sand, mixed with calcareous and clayey materials. 
A grey silty sand enriched with shells and shell fragments is observed at a depth of 
16 to 48 cm and interbedded with thin layers of clean coarse sand. 
A thin cemented layer of coarse quartzose sand and shell* fragments with 
gypsiferous materials occurs at a depth of 48-50 cm immediately above the water 
table. 
A distinctive clean coarse sand layer is encountered of a depth 50 cm and extends 
to below the water table. 
Figure 4.9 represents the inland sedimentary profile of (site RCI). The sediments above the 
water table here consist of the following layers. 
An upper 20 cm layer composed of fine quartzose sand mixed with halite and 
gypsum. A brown salt crust is observed in the top 2 cm. 
Alternating quartzose fine sand with small pockets of coarse sand are encountered 
at 20-45 cm, 55-80 cm, and below 90 cm. 
Bands of quartz-rich fine sand 10-15 cm thick and enriched with gypsum are 
observed at depths of 45-55, and 80-90 cm. 
I 4.7: Topography of shallow groundwater table in the study part of 
Sabkhat A1 Fasl before reclamation, 1976. 


Table 4-1: Compositional variations in samples from the coastal parts of Sabkhat A1 
Fasl at location of RC-7. 
Chemical data 
Depth (cm) 
Si02 
A1203 
CaO 
MgO 
Na20 
SO3 
cl(gfl) 
0-10 
74.7 
1.6 
9.4 
1.0 
2.3 
0.3 
21.8 
Equivalent mineral proportions 
over 50 
59.4 
2.6 
14.7 
2.7 
0.4 
12.7 
0.4 
quartz 
clay 
calcite 
dolomite 
halite 
gypsum 
Total 
mean 
69.8 
1.6 
12.3 
1.3 
.9 
6.0 
6.3 
48-50 
60.5 
0.7 
16.2 
1.1 
0.2 
13.6 
0.4 
10-16 
74.3 
1.4 
12.3 
1.2 
0.3 
3.0 
0.7 
72.4 
5.4 
15.6 
1.7 
4.3 
0.6 
100.0 
16-48 
80.3 
1.6 
9.1 
0.9 
1.2 
0.3 
8.3 
52.8 
8.3 
7.6 
4.3 
0.7 
26.2 
100.0 
57.0 
2.2 
10.5 
1.8 
0.4 
28.1 
100.0 
70.0 
4.5 
16.7 
2.0 
0.5 
6.3 
100.0 
65.6 
5.1 
13.0 
2.2 
1.6 
12.4 
100 
75.8 
5.2 
14.7 
1.5 
2.2 
0.6 
100.0 
4.3.1 Chemical composition and equivalent mineral assemblage of Sabkha sediment: 
(i) Coastal parts 
Chemical analyses of the sabkha sediments above the water table in the coastal region, are 
given in Table 4.1. Quartzose sand is the main constituent and the composition ranges from 
60-80% sand and silt, while the clay fraction (as shown by the A1203 content) is distributed 
uniformly in the sediments at a concentration of about 3%. CaO and MgO representing 
mainly calcite and dolomite respectively are found through the profile in the compositional 
range of 10 to 17.4% and it is suggested that substantial carbonate from the marine fauna 
contributed to the development of the clastic fraction in the sabkha sediments. 
The evaporite assemblage in this portion of Sabkhat A1 Fasl is mainly halite in the upper part 
and gypsum in the lower. Na20 representing the halite proportion ranges from 3% in the 
lower parts of the profile to 20% at the top. The gypsum content represented by SO3 above 
the water table shows a striking increase with depth. Gypsum-rich zones are observed at 
depths of 10 to 16 cm, and immediately above the present water table at 40-45 cm. 
(ii) Inland Parts: 
Chemical analyses of sabkha sediments above the water table of the inland sabkha are given 
in Table 4.2 These show that the main clastic constituent is quartzose sand, and sand is 
distributed uniformly throughout the profile with quartz varying from 60-75% of the 
sediment. The main source of the clastic fraction is likely to be the adjacent sand dunes that 
drift towards the flat basin holding the sabkha. The proportion of clay mineral varies from 1 
to 4% (from the A1203 content) and decreases upwards. This could be due to the tendency 
for fines to be removed from the surface layer during winter floods. CaO and MgO 
representing mainly the carbonate materials are distributed uniformly through the sabkha 
profile at about 4% with some thin bands having up to 28%. The field observations show 
that these materials are derived partially from the marine fauna but a substantial amount is 
clastic material blown in from the degraded carbonate country rocks. Alternating zones of 
coarse quartzose sand in the carbonate sediments of the inland parts of Sabkhat Al Fasl 
indicate clearly the influence of strong wind, and surrounding sand bodies in the sabkha 
development. 
Table 4-2: Compositional variations of samples from the inland part of Sabkhat A1 
Fasl (RC1). 
Chemical data (wt %): 
Depth 
CUl 
Si02 
A1203 
CaO 
Mgo 
Na20 
SO3 
LO1 
Cl (gh) 
The main constituent of the evaporites is gypsum which is distributed through the profile 
above the water table within the capillary fringe giving a general level of 1 to 8% So3. 
Gypsum-rich layers have from 18% to 37% SO3. The halite content varies from 0.8 to 2.8% 
as Na2O but reaches 9% in the upper two centimetres (See Table 4.2). 
dolomite 
halite 
gypsum 
Total 
Equivalent mineral proportions: (wt %) 
0-2 
68.2 
2.9 
3.3 
1.1 
9.1 
0.8 
13.5 
115.4 
1.9 
17.5 
1.8 
100.0 
2-10 
66.2 
3.3 
4.0 
1.1 
6.7 
4.0 
9.5 
58.3 
1.9 
13.1 
9.0 
100.0 
10 - 
30 
73.6 
2.2 
7.9 
0.5 
0.8 
8.8 
2.9 
2.9 
0.8 
1.5 
18.7 
100.0 
20-50 
96.9 
3.2 
2.9 
0.6 
1.1 
0.8 
2.6 
3.7 
50- 55 
56.7 
2.0 
15.1 
0.6 
0.7 
18.2 
4.8 
4.2 
0.9 
1.9 
1.6 
100.0 
1.8 
3.3 
1.3 
100.0 
1.0 
1.2 
37.2 
100.0 
55- 80 
82.9 
3.9 
4.4 
1.1 
1.8 
0.6 
4.2 
7.6 
1.5 
2.2 
71.0 
100.0 
80- 90 
24.2 
1.1 
27.6 
1 
1.3 
36.9 
11.8 
11.6 
4.9 
5.3 
1.1 
100.0 
90- 
96 
80.6 
4.2 
1.9 
2.9 
2.8 
0.5 
5.8 
19.4 
3.5 
4.5 
3.8 
100.0 
over 
96 
80.1 
4.1 
3.5 
2.1 
2.4 
1.8 
5.8 
11.2 
2.0 
5.6 
16.2 
100.0 
mean 
69.9 
3.0 
7.4 
1.2 
3.0 
8.0 
6.8 
27.0 
In summary the main geochemical characteristics of the sabkha sediments are as follows: 
Siliceous materials, mainly quartz, are the main constituents. A reasonable amount 
of clay and silt has been found in the inland sabkha sediments and this is higher than 
seen in the coastal part of the sabkha. 
The carbonate content decreases landwards. 
'Ihe gypsum content is regularly distributed and makes alternations in the capillary 
fringe with gypsum decreasing in the upper layers of the sabkha profile and 
increasing landward. 
Halite increases upwards and there is a notable increase in the inland sabkha profile 
The Si02 -versus other oxides variation diagram of Sabkhat A1 Fasl (Figure 4.10) 
shows the dominance of silicate phases and the restricted compositional range of the 
evaporites. 
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CHAPTER 5 
5. SABKHAT AL FASL AFTER RECLAMATION 
Construction on sabkha of two industrial complexes began in the 1970's, one at Jubail and 
the other at Yanbu on the Red Sea coast. A considerable part of the Madinat A1 Jubail A1 
Sinaiyah (MAJAS), the Al Jubail Industrial Complex, was developed over the northern parts 
of Sabkhat Al Fasl. 
Extensive site investigation programs wried out by several national and international 
organisations concluded that about 60% of infrastructure facilities are located on sabkha 
landform characterized by heterogeneous, poor and aggressive soils. Shallow hypersaline 
groundwater was encountered at a depth of between 30 and 70 cm from the original (1977) 
ground surface. 
It was decided that a blanket of sand one to three metres thick should be placed on top of the 
sabkha landform to provide an appropriate engineering specification for construction. Al 
Messairiei and Fayrouz (1985) state that reclamation of the sabkha landform at the W A S  
site by the earth moving operation was wr ied  out to provide a firm ground surface, an 
adequate bearing capacity for foundations, an increase in the depth to the groundwater table, 
to facilitate plant growth, to lessen the corrosive effects of high salinity on underground 
structures, to raise the site above the threshold of marine tlooding, and to provide necessary 
gradients tbr surface water runoff. 
Reclamation of Sabkhat Al Fasl within the W A S  site is considered to be one of the biggest 
site preparations in the world (Figure 5.1). More than 230 million cubic metres of fill 
materials were moved from sand dunes and dredged materials from the Gulf (Facts-RCIY, 
1986). Guinness Book of Records (1985). 
Figure 5-1: Landsat image showing the reclaimed and urbanized parts of Sabkhat A1 
Fasl at the present condition, 1990. 
5.2 NATURAL SF~TING IN 1993 OF SABKIIAT AL FASL AITER RECLAMATION 
In this section the major changes that have occurred during the 14 years after sabkha 
reclamation are assessed. As seen in Figure 5.1, a considerable part of the sabkha landform 
has been reclaimed. 'The major characteristics of the natural setting are illustrated in a multi- 
purpose engineering geological map in Plate 3 and Figure 5.2. 
5.2.1 Physiographical features 
Of the two types of fill materials the Dune sand is mainly siliceous sand with traces of 
carbonates and was used to reclaim the industrial area to the south. The Dredged materials 
consist of siliceous beach sand, with considerable amounts of carbonate and silt, and an 
abundance of shell and shell fragments. These were used mainly to reclaim the residential 
area to the north. 'The layer of fill varies from 2.5 to 3.5 m thick and its top is close to + 5.5 
m RCD. The ground surface topography of the reclsimed area has been assessed from 400 
spot height readings (Figure 5.3). This indicates that the ground surface elevations at the 
present time range from +4 to +18 m RCD and are distributed as 10% less than +4 m, 64% 
from +4 to +6 m RCD, 23% ranges from +6 to +10 m RCD and 3% is more than +12 m 
RCD. 
Three borrow-areas (Ql, Q2, and Q3) at the western edge of Sabkhat A1 Fasl site have been 
used during construction activities to extract the sand materials required for on-going 
construction projects (Plate 3). 
5.2.2 Present shallow groundwater framework under the reclaimed sabkha 
The natural equilibrium of the sabkha is likely to be fragile and very sensitive to 
environmental changes. Any changes in the parameters that govern the sabkha dynamics 
such as evaporation rate, water replenishment, or soil column above the water table, are 
expected to affect the hydrogeological framework significantly. Therefore attention is given 
in this section to evaluating the shallow groundwater regime at the reclaimed site of Sabkhat 
A1 Fasl under the present conditions and comparison is made with earlier conditions. 
The shallow hydrogeological framework in reclaimed parts of Sabkhat A1 Fasl after 
development has been evaluated using 400 water table records taken by the RCJY afier 
reclamation (1984-1993). Eighteen obse~at ion wells (OW1 - OW18), as shown in Plate 3, 
were also selected along an east-west profile to monitor and study the current (1993 - 1994) 
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Figure 5.2: Current physiographical features at Sabkhat A1 Fasl after 
reclamation within the boundary of the study site. 


seasonal watcr table variations, and the chemical constitucnk of sabkha brine under ~ r b i l n ~ ~ ~ d  
reclaimed, reclaimed-un urbanized, and un-reclaimed sabkha landlijrm. In addition, iin 
automatic watcr tablc recorder, Stcvcns Type-F Rccorder Model OX, was ~nstallcd In ni~turi~l 
unreclaima! sabkha In the summer of 1993 to study the d~urnal  and scaronal varliltlons 01 thc 
shallow groundwater tablc level of the natural sabkha landtorm. 
Table 5-1: Depth to the water table distribution at Sabkhat Al Fasl site after 
reclamation and urbanization activities 
(i) Depth to water table: 
The depths to water encountered in the developed parts of Sabkhat A1 F a l  after reclamation 
in the summer of 1993 are illustrated in Figure 5.4. Thc depth of the local water table varies 
from 1 b 6 m from the existing ground surface a$ summarized in Table 5.1 . This shows that 
the depth to the water table over about 65% of the developed site is some 2 m or less. For 
23% of the site, the water table is between 2 to 3 m and some lower values occur in thc 
residential and industrial areas and in the natural sabkha in the northern parts of the iIra1. 
Over 13% of the developed site, the water table is encountered at more thi~n 3 m l'rom the 
ground surface. These greater depths arc mainly found in the remnants ol' unrcclaimcd ni~lur:ll 
sand sheets at the edges of the sabkha to the south and wcst. Figurcs 5.5, 5.7 show thiit the 
present water table in the Pristitre Hi1l.s is encountered at 12.2 m from the dune crcst ol' + 1 5.5 
m RCD. Table 5.1 also shows that there was a small bur obvious risc in the walcr [able 
between 1992 and 1993. 
(ii) Topography and shallow groundwater flow: 
The topography of the water table level at the developed site of Sabkhat A1 Fad during thc 
summer of 1993 is presented in Figure 5.5. This shows that the water table elevation rangcs 
between +1.71 and +5.86 rn RCD. The highest values vary from +3 to +6 m RCD and were 
encountered at many of the reclaimed sites, mainly concentrated in the community arca. in 
north and north-western parts of the sabkha landform and in patches in the industrial arca. 
The lowest water table elevations vary between +2 and +3 m RCD and are distributcri along a 
strip parallel to the coast in the industrial sectors in the eastern parts and in thc opcn sabkha 
parts in the north. 
(ii) Topography and shallow groundwaterflow: 
As seen in Table 4.2, high values of water table elevations (more than +3 rn RCD) at the 
present time were observed over almost 75 % of the reclaimed area. Values below +3 m 
RCD are representative of the natural water table elevations of sabkha and sandy terrain 
before reclamation. 
Table 5-2: Distribution of water table elevations at the developed parts of Sabkhat A1 
Fasl at the present time, 1992 and 1993. 
A R A B I A N  
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Figure 5.5: Topography of water table at the reclaimed parts of Sabkhat 
A1 Fasl, 1993. 

The water table elevation at present clearly shows that in spite of placement of a sand blankct 
of two to three metres in thickness on top of the sabkha surface the resultant water table 
elevation is less than 3 m below the new ground surface level (+6 m RCD) for thc cntirc 
development. 
(iii) Variation in water table: 
A number of observation wells were selected to illustrate details of the variation of water 
table depth from 1984 to 1992 in different physiographical features in Sabkhat A1 Fasl after 
reclamation. Records of long term monitoring of the water table at remnant unreclaimed 
parts of sabkha (OW290), sand sheet (RC172), Figure 5.6, indicate that the water table under 
the normal sabkha and sand sheets between 1984 and 1992 almost maintained a constant 
level (+3 m RCD ~ 0 . 3  ). At the same time monitoring of the water table under 13 rn of sand 
dune in the Pristine Hills area (RC398) from 1984 to 1992 (Figure 5.7) shows that water table 
maintained the same elevation of +3.3 m RCD or about 12.2 m from the dune crest. Thus 
variations in water table below the unreclaimed natural terrain (namely sabkha, sand sheet, 
and sand dune) and located at remote areas show a negligible change during the period 
from 1984 to 1992 showing that the sabkha surfaces are still behaving under the normal 
equilibrium conditions with balance between the feeding and evaporation rates of the sabkha 
system. 
Conversely evidence of groundwater table rise of 9.5 cmlyear has been recorded by RCrY 
between 1977 and 1989 in the reclaimed areas. Water table elevations in reclaimed parts of 
the sabkha at remote areas (RC302) varied from +2 to +3 m RCD during the period from 
1988 to 1992. Figure 5.8 shows that the water table in this area recorded a rise of from +2 to 
+3 m by September 1988. Subsequent measurements of the water table showed that during 
the period October 1988 until October 1992 the water table maintained the same level of +2.5 
m RCD. Clearly such a rise in water table in a remote reclaimed part of Sabkhat A1 Fasl 
indicates that the natural equilibrium of sabkha system that keeps the sabkha surface in 
balance has been disturbed through an increase in the soil column above the original sabkha 
surface. The water table records for reclaimed sections of the sabkha located across the 
inhabited area at Haii Ad Deffi (RCt34 ) and Haii A1 Fanateer (RC81) also show a strong rise 
in the water table between October 1984 and March 1991. At Haii Ad Deffi water was 
encountered at +2.75 m RCD at 1984, while in 1991 it was about +4.20 m RCD in RC 84. 
As shown in Figure 5.9 the water table rose about 1.8 m from October 1984 to Dmmber 
1987 in RC-84. The water table remained at this level until March 1991. At Haii Al 
Fanateer (RC81) a rise in water table of about a metre occurred between November 1984 and 
March 1991 (Figure 5.10) The water table in 1992 in the residential arca of thc rwlaimcd 
parts of the sabkha was encuuntered about 2 rn from the existing ground surface. 
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Figure 5.11: Water table variations at the reclaimed parts of sabkhat 
A1 Fasl in the industrial area (RC# 360). 

Industrial Area 
Variations in water table elevation at the industrial area represented by wells RC360, arc 
illustrated in Figure 5.11. This shows that the shallow watcr table height at this representative 
well changed from an initial value of +3m (1977) to i-4.0 in 1984 and t4.3 m RCD in 1992. 
The general rise in water table of more than I m occurred soon after reclamation from 1984 
to 1989 and may be attributable to the excessive irrigation water that was us& for 
landscaping before 1989 (Al Muqari (1994), personal communication). However, thc rise in 
level encountered took place over a very short period (1985 to 1987) soon after placement of 
the fill. This suggests that the rise could also be due to water used in the placement of fill and 
the adjustment of the equal pressure surface to the new lithostatic load. 
(iv) Water table variations under sand dunes (1977 to 1992) 
The water level under sand dunes in the Pristine Hills area before construction began in 1977, 
was encountered at +10.3 m RCD, which is about 5 m below the sand dune crest (Kurdi 
(1977), and Dames & Moore and Basil (1976)). Figure 5.12 illustrates the results of the 
monitoring of the water table between 1984 and 1992. It shows that the water table level 
during this period had fallen about 7 metres to 12.2 metres from the same sand dune crest. 
This substantial change in leveI is attributed to the heavy dewatering operation carried out 
during construction in the vicinity of this dune between 1980 and 1983. Field observation 
indicates that since the dewatering activities were terminated in 1984, the water table level 
has remained at close to +3 rn RCD. Such a fall in water table level (from +10.3 rn RCD to 
+3 m RCD), suggests that water under these dunes at Sabkhat Al Fasl is maintained from 
percolated rainfall. The clay layer of about 3 m thickness which lies below the dune, as 
shown during excavation, prevents accumulated rain tiom percolating deeper. Other 
researchers have postulated that the water regime observed under the sand dune is derived 
and replenished by upward seepage, (Saudconsult (1979), and James and Little (1994)). If 
this assumption were true then the amount of water that was discharged in lowering the water 
table level from about +12.2 to +5 rn RCD during construction between 1980 - 1983 should 
be replenished and maintained at the original level by water trickling from the deep aquifers 
through artesian pressure and would not have been maintained at +3.3 m RCD. 
( ~ 1  Seasonal groundwater changes in remote areas of Sabkhat Al Fasl between 1993 
and 1994: 
Figure 5.13 shows the 18 observation wells located in remote sabkha. These were placd to 
avoid the inhabited areas, and were selected for studying the seasonal changes and thc major 
parameters affecting the natural equilibrium of the sabkha regime. Depths to the watcr table 
from the 18 selected observation wells are summarized in Table 5.3. Variation of water table 
level in the selected observation wells from February 1993 to March 1994 are tabulated in 
Table 5.4 and illustrated in Figure 5.14. This shows that the shallow groundwater table 
recorded a clear rise of up to 10 cm after the heavy rain in April 1993. Records indicate that 
the water table under both the reclaimed and unreclaimed natural parts of Sabkhat A1 Fasl 
responds quickly to the rains during the winter season. Continuous recording of water table 
fluctuations with an automatic water table recorder and of rainfall over Sabkhat A1 Fasl area 
for one full year (October 1993 - October 1994) showed that the annual rainfall reached 100 
mm. This percolates into the sediment and contributes a height of about 25 cm every year to 
the replenishment of the water table. Figure 5.14 shows a distinct fall in water table due to 
evaporation during the summer months. During the summer period, between 11 May to 2 
November 1993, the highest values of fall (about 30 cm) were recorded in areas with a 
shallow water table in OW3 and OW12 where the water table is at a deptbaof 80 cm. The 
lowest decline of about 3 cm was observed in the deep water table at OW6 where the water 
table depth is at 12 m. This variation in depth change may be attributable to variation in 
evaporation influenced mainly by the soil thickness above the water table. Some ,other 
factors such as the presence of a salt crust, and the temperature, humidity, wind speed and 
water salinity may also contribute. 
Previous researchers suggested that sabkha are surfaces of equilibrium (Kinsman (1969), 
Patterson (1972)). The position of shallow groundwater table in a sabkha terrain is mainly 
controlled by the thickness of soil coIumn above the water table which is in turn governed by 
the rate of deflation or deposition at the sabkha ground surface. Consequently the thickness 
of soil above the water table will control the equilibrium between the sabkha surfaces. The 
effect of placing from one to three metres of fill above the sabkha will therefore have 
complex effects on ,the water regime. Evaporation will be reduced until the water level rises 
to within a metre or so of the land surface. Conversely, the surface deposits will be more 
vulnerable to movement by wind and ephemeral water than would the original equilibrium 
sabkha surface. Increase in load will of course cause a water table rise to a new equipotential 
level while deflation will cause a reduction in load. Ultimately a new equilibrium condition 
will be reached. The data obtained show that the rise and fall in water table occurred rapidly 
and that slowly small more recent adjustments in level have been made which are at least 
partly due to seasonal climatic variations. 
(vi) Lowering of water table and evaporation rates in sabkha systems: 
Several attempts have been made to estimate the evaporation rate from soil by using 
empirical equations based on the climatic parameters or by converting the pan evaporation 
value into evaporation 'from soil. The data used are based on results of laboratory 
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experiments using sandy soil and domestic water (White (1932), Veihmeyer and Brooks 
(1954), Chow (1964), Idso et aL (1977) and Pike (1970) 
The evaporation rate from the sabkha surface plays an important part in sabkha dynamics. 
However, most of the studies mentioned above did not consider all the harsh local natural 
parameters that affect this phenomenon. The author therefore determined the evaporation rate 
from the sabkha surface as a function of the thickness of sediments above the water table by 
monitoring the changes of the water table level in the sabkha and other sandy terrain. 
As is shown in Figure 5.15 the fall in water table due to evaporation does not exhibit a linear 
relation with the depth of the water table. A power relationship was found to give the best 
correlation between depth to the water table and rate of lowering of the water table, 
Where, Y represents the fall in water table, and X is depth to the water table from the ground 
surface in centimetres. 
This is to be expected since there will be a maximum evaporation rate where the water table 
is at the surface and a negligible influence of the surface at some unknown depth to the water 
table. However, the formula relates only to the individual soils and environment of the area 
studied. Various factors will influence the constants in the expression obtained. These 
factors include the following. 
_... I 
Interconnectedporosiry: The average porosity of reclaimed soils and sandy materials 
(:; at Sabkhat A1 Fasf'is about 0.30. 
.-- .- . --- -- .- . --- - --- -- 
~ - -..-. 
Seasonal variation in depth to the wafer table: The average depth to water table at 
Sabkhat AI Fasl before reclamation as recorded in 1980 was about 90 cm from the sabkha 
surface. 
Local evaporating forces - wind speed air temperature etc. Due to the natural conditions 
at Sabkhat A1 Fasl, the net fall in sabkha water table during the summer months is about 
27 cm. 
Local replenishment rnechunkms. The main sourcc: of sabkha replenishment is thc rain, 
and the total rise in water table at Sabkhat A1 Fasl due to the average rainfall (87 
mm/year) is about 25 cm. 
The effect of placing dry fill on a surface like that of Sabkhat A1 Fasl can be explord as 
follows: 
Placing 1 metre of sand blanket on Sabkhat A1 Fasl surface will cause the position of 
groundwater table to rise to maintain the natural equilibrium. 
1. If the water table is at 90 cm depth, the water loss from the surface is equivalent 
to about 8.1 ml (27 * 0.3) of water. There will be a corresponding gain from 
rainfall of 8.7 ml. There might be a very small rise in water table. 
2. At 190 cm depth there wilI be 4.2 ml loss by evaporation with a gain possibly 
remaining at 8.7 ml. Hence there could be a rise of water table equivalent to 4.5 
ml in a year giving a water table rise of 4.510.3 or 15 cm. Hence the new water 
table will be at about 175 cm from the ground surface after one year. Each year a 
further rise of the water table will occur until the loss and gain are again in 
balance. This approach may exaggerate the rate of change since evaporation may 
be restricted to near the surface with the infiltration being the water evaporated. 
Hence the balance to be struck may be between infiltration and the evaporation of 
infiltration. Where the water table is deep the balance may be wholly established 
in the surface zone without connection to the water table. 
However, a comparison between the water table level in the remote reclaimed parts of 
Sabkhat A1 Fasl before and after reclamation shows that a rise in water table of some 1 to 2 m 
has been observed under the parts of Sabkhat A1 Fasl that are covered by 1 to 3 m thick of 
dune sand. Such a rise in water table due to the interruption of the evaporation mechanism 
has been observed by Fookes et al. (1985) at the reclaimed parts of sabkha landform in UAE 
and is in keeping with the proposed model. The formula given above could be refined further 
by considering the detailed influence of soil type and environment. Consideration also needs 
to be given to other mechanisms of water gain which in the present area could relate to lateral 
flow effected by fill placement and irrigation. 
Figure 5.15: Relationship between lowering of water table due to evaporation 
and soil thickness above the water table in Sabkhat A1 Fasl. 
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(vii) Diurnal water table variation in undiiturbed sabkha landform under natural 
conditions 
Continuous changes in groundwater table in undisturbed parts of Sabkhat A1 Fasl were 
recorded for a full year (October 1993 - September 1994) using a Steven-Type automatic 
water table recorder, as shown in Figure 5.16. These records show that there is a 
characteristic daily fluctuation of water table during the summer months. The greatest 
variation reaches 1.5 cm change in water table level. As shown in Figure 5.16, maximum 
fluctuation occurs on hot and windy days. SmaII daily changes (less than 2 mm) were also 
noticed in the rainy days during winter months. Such clear differences in diurnal tluctuation 
during the summer and winter, may be attributed directly to the variations in the ambient 
conditions (temperature, wind speed, intensity of sunlight, humidity). 
The daily water fluctuation occurs in a systematic manner during the summer days. Usually, 
the water table starts to fall at 9 a.m., and reaches its lowest value (a fall of about 0.5 cm) at 6 
p.m. After 6 p.m. the water table begins to rise again until it reaches its highest value (about 
1 cm) at 7 a.m. the following morning (Figure 5.16). The figure also shows that the 
relationship between the daily fluctuations of water table in Sabkhat Al Fasl vary directly 
with the temperature, wind speed, and solar radiation, and inversely with the humidity. 
The observed diurnal fall in water table during the summer months is attributed mainly to the 
withdrawal of groundwater through evaporation. The daily rise in water table at Sabkhat A1 
Fasl during the nights of the summer months raises some questions as to the source of this 
replenishment. Is it replenished laterally from the adjacent Gulf water by tidal effects or is it 
due to the upward movement of water under a slight artesian pressure from the deep aquifers 
or perhaps condensation of soil vapour? Hydrochemical results, as discussed earlier in 
chapter 4, indicate clearly that the main sources of water replenishment in the coastal parts of 
Sabkhat A1 Fasl could be both marine and continental. 
5.23 Groundwater chemistry across the urbanized area after reclamation 
Changing water depth profiles should be accompanied by changing chemistry. If the 
recovery in level is due to rainfall or sea water addition, the salinity would be reduced. 
Evaporite phases would however be dissolved to give local increases in concentration of ions 
at particular levels giving rise to a redistribution of solutes. 
The groundwater chemical information across the reclaimed parts of Sabkhat A1 Fasl within 
MklAS has been obtained from the RCJY office for 1984 and 1989. The chloride 

concentration values in 1984 are presented in Figure 5.17. Chloride values in the 
groundwater ranging from 100,000 to 140,000 mg/l have been encountered at the central 
parts of reclaimed sabkha while concentrations reaching up to 200,000 mg/l also occur in the 
unreclaimed north-western parts close to Sabkhat Murayer. In 1984 the chloride 
concentration of the brine under the residential sectors at Haii A1 Fanateer and Haii Ad Deffi 
was found to range from 60,000 to 80,000 mg/l and water of lower salinity with chloride 
concentrations of less than 40,000 mg/l was found under sand dunes and sand sheets in the 
Pristine Hills and along the Gulf coast. The groundwater chloride affected by deep aquifers 
along the vegetation zone at the western edge of Sabkhat A Fasl was below 4000 mg/l. 
Nitrate concentration in the groundwater at Haii Ad Deffi and Haii A1 Fanateer has been 
obtained from A-Rashid Geotechnical Co. measurements made in 1984 and these are 
illustrated in Figure 5.18. This shows that following the reclamation and urbanization 
program there was a considerable gain in nitrate in the groundwater encountered in the central 
parts of Haii Ad Deffi and A1 Fanateer where nitrate ranges between 600 and 800 mgl. Such 
high values are not found in natural sabkha brine. It is therefore likely that the nitrate is 
derived from the irrigation water and is associated with nitrate fertilizers. 
The 1989 chloride distribution in the groundwater of the reclaimed parts of the sabkha is 
illustrated in Figure 5.19. It ranges from SO00 to about 130,000 mgjl. Chloride 
concentrations ranging from 5000 to 50,000 mgll, have been encountered in both the 
community and industrial sectors. Very low chloride values of less than 5000 mg/l are 
encountered in groundwater under vegetation distributed as patches and along the Gulf coast. 
Chloride values of between 50000 and 100000 mgll, have been found in small patches in the 
industrial area and under the north-western parts in the vicinity of Sabkhat Murayer. 
Variations in chloride with time in the community area at Haii Ad Deffi (RC84) and Haii A1 
Fanateer (RCS1) are illustrated in Figure 5.20. The chloride concentration in the 
groundwater at these sites decreased from 60,000 to 10,000 mgh between 1984 and 1989. A 
typical traverse across the sabkha shows that the chloride has become some 20,000 mgh 
lower over the period 1984 to 1989. This decrease in groundwater chloride coupled with the 
high values of nitrate in the developed inhabited areas are again in keeping with the main 
source of water table rise in the residential area being excessive irrigation with water of low 
salinity diluting the original sabkha brine. 
In the present work samples have been analyzed in order to establish the 1993 levels of 
chloride. The major chemical constituents of water samples collected in 1993 from selected 
observation wells (see Figure 5.21) along an east-west profile across the M A S  site arc 
listed in Table 5.5. These data indicate that the chloride cuntent across the developed sabkha 
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Figure 5.18: Concentration of nitrate at shallow groundwater at 
Haii Ad Deffi and Haii A1 Fanateer, 1985 
Figure 5.19: Chloride distribution in the shallow groundwater at the study 
parts of Sabkhat A1 Fasl (mg/l), 1989. 
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Figure 5-21: Water sampling from Sabkhat A1 Fasl for the chemical analysis, 1993. 
Table 55: Chemistry of shallow groundwater at sabkhat Al Fasl at the present conditions after reclamation, July 1993. (A) 
11 2,425 1,856 5,496 62,970 114 126,168 3,757 0 210 228,900 57,800 6.54 1.14 
12 678 152 477 4,345 52 7,176 2,610 114 10 17,020 24,500 7.22 1.01 
13 708 46 324 2,115 150 4,236 1,682 60 10 10,740 16,100 7.36 1.01 
14 1,429 382 3,018 21,388 180 43,066 7,406 42 15 83,100 5,500 6.81 1.05 
16 1,681 1,515 3,981 41,618 100 80,418 6,187 0 110 154,860 57,100 6.70 1.10 
17 2,193 1,582 6,656 74,426 51 150,911 4,376 77 84 259,820 57,900 6.60 1.16 
18 1,303 974 3,515 52,232 75 94,309 8,911 982 44 173,660 59,700 6.71 1.11 
Sea water 502 475 1,478 12,482 153 23,141 3,367 0 80 45,460 46,600 7.53 1.03 
Chemical data for brines collected from undisturbed parts of Sabkhat A1 Fasl in m@, January 1993. 
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site ranges from less than 300 to more than 150,000 mg/l. Low values of water salinity occur 
in the natural terrain at the sabkha edges (OW13) and under dunes (OW6). Very high values 
up to 150,911 mgh are found in the open un-reclaimed sabkhas (OW17). The chloride levels 
and presumably salinity of the brines generally increase from the Gulf coast (Owl) towards 
the middle of the sabkha landform (OW17). A decrease in chloride is evident in the sabkha 
peripheral to the sand sheet area (OW13) while a decrease from 220,000 mg/l to 150,911 
mg/l in chloride occurred in the central parts of Sabkhat A1 Fasl between 1984 and 1993. 
Similar observations of reduction in salinity are associated with groundwater table rise tivm 
irrigation have also been recorded in Kuwait by A1 Sanad and Shaqour (1991). 
A strong odour of H2S was noticed during the sampling, in observation wells located in the 
reclaimed area (OWs 8, and 11). This can be attributed to the effect of anaerobic bacteria. 
Based on the results of the groundwater regime at the present condition, the following 
conclusions are drawn. 
The water chemistry indicates that low values of chloride and high values of nitrate 
are present in the inhabited reclaimed parts of Sabkhat A1 Fasl. 
Reduction in chloride concentration in the central parts of Sabkhat A1 Fasl from 
220,000 mgA to 150,911 mg/I (1984 to 1993) indicates a general trend of decreasing 
water salinity after reclamation and the W A S  development. 
A clear reduction of water salinity is noticed at the residential area (RC81 and RC84) 
from 60,000 to below 10,000 mg/l between 1984 and 1989. 
Chemical analysis of water samples collected from reclaimed and unreclaimed parts 
show that shallow groundwater at the study site is almost saturated with chloride and 
sulphate ions. 
Low water salinity and a high nitrate content and general dilution of sabkha brine 
suggests that irrigation water contributes to a rise in water table in the reclaimed parts 
of Sabkhat A1 Fasl especially in the community and industrial sectors. 
5.2.4 Chemistry of sabkha brine at selected undisturbed sites of Sabkhat A1 Fasl under 
the present conditions 
Four new water samples (RC1 - RC7) were collected in the summer of 1993 from open-pit 
excavations. These selected sites are distributed in natural undisturbed sabkha across the 
sabkha landform (see Plate 2). 
Chemical analysis of three sabkha brines representing the coastal (RC7 and RC4) and inland 
parts (RCl) of Sabkhat A1 Fasl and other water samples representing the water regime in the 
vegetation belt zone (RC3) are given in Table 5.5. The salinity represented by the chloride 
concentration is much higher than that of the Gulf water by almost ten times in the central 
and inland parts and chloride concentration increases still further in the cuastal parts (Rm,  
and RC4). 
The chloride in the vegetation belt zone is very low, (2230 mgh). This suggests that there is 
continuous leakage of water from deep aquifers. On the other hand the bicarbonate (HC03) 
content is much higher than that of the Gulf water and is in keeping with the view that the 
water regime within this zone is supplied from rain water that trickles out of the fractured 
carbonate rocks. The maximum chloride concentration, "Chloride Plateau" as  defined by 
Patterson 1972, is found in the middle of the sabkha at RC4 (205550 m@). The sulphate 
concentration, in contrast to that of the chloride, is higher within the brines of the inland 
sabkha than is found in the coastal region. 
In general Cl, Na, Mg concentrations are much higher than those measured in Gulf water, 
but decrease substantially from the middle of the sabkha (RC4) towards both the inland parts 
(RC1) and the coast (RC7). 
?he ionic ratio of K+/B/ of sabkha brine in the coastal sabkha that connects to the Gulf 
reaches 15 which is within the range of marine water (Patterson and Kinsman (1977)). 
Therefore, the sabkha brine of the sabkhas located within the coastal plain were probabIy 
originally derived and replenished continuously with marine water. However, K! Br 
increases in the landward direction and ranges from 31 to 58 in keeping with the proposed 
mixed origin of the brines which were derived originally from marine sources, but are now 
supplied from continental and rain water. Evidence for this and of the artesian pressure at the 
Royal ~ m m i s s i o n  (RC) site as reported in several reports and the authors own observations 
suggest that other sources of continental water including leakage from deep aquifers play a 
substantial role in feeding the sabkha system. K'/B~' of water within the vegetation belt wne 
(RC3) reaches 20 which is of the same order as that of the vegetation belt that crosses 
Sabkhat As Summ (Fl). This ratio is a marginal value between the marine and mixed 
waters, and may suggest that water of mixed marine and continental origin runs continuously 
into the existing vegetation belts. The Br values are close to those of marine water in the 
coastal and vegetated zones but are about an order of magnitude lower in the inland sabkha 
and intermediate in RC4. Hence, the parallel alignment of the vegetation belt in a NE-SW 
direction conforming with the main fold axes in the area (as discussed in chapter 2), the high 
H a ;  ion content, the low salinity and the marginal mixed water value of K'/Br- and Br-/CI- 
ratio, give considerable weight to the interpretation that water tlows from deep aquifers by 
artesian pressure to supply the sabkha system partially, and keep the water regime along the 
vegetation belt slightly fresh. Thus, Sabkhat a1 Fasl is regarded as a combination of a coastal 
sabkha, and an inland sabkha that developed originaIIy under a marine environment. 7he 
sabkha brine is replenished from three different sources of water marine, rain, and water from 
deep aquifers inland. 
The following general conclusions are drawn concerning the effects of reclamation on the 
soils and groundwater of hot arid regions: 
-. - - -  - 
(i) The groundwater regime under normal and reclaimed sabkha and other sand 
deposits placed on Sabkhat A1 Fasl area is a single regime, though blending of added fresh 
water with the original water appears to be slow. 
(ii) A substantial rise in the shallow groundwater regime under the reclaimed land has 
~ ~ c u n e d  at Haii Ad Deffi and Haii A1 Fanateer in the residential area, and in parts of the 
industrial area. The water table rise between 1984 and 1993 ranges from 2 to 3 m. This can 
be attributed mainly to the irrigation used in the residential areas but could include water used 
in placement of the fill. Monitoring by the RCTY shows that the water table has been rising 
at a declining rate of about 9.5 &year, in keeping with the 13 cm/y found in the present 
study. 
(iii)Seasonal variations in the natural sabkha under the existing mndition show that the 
groundwater table falls by about 30 cm during the summer months through evaporation, and 
rises by a similar amount from the annual rains (87 mm) in the winter months. 
(iv)The low salinity of water along the vegetated zone along the western edge of 
Sabkhat A1 Fasl(43,066 mg/l) compared to the sabkha brine in the vicinity of the eastern side 
(150,911 mg/l) may be attributed to a continuous leakage tiom the deep aquifer which has 
maintained a low chloride level from 1984 to 1993 and to infiltration of rainfall. 
(v) Groundwater characteristics under the sand dunes indicate that water stored in sand 
dunes is fresh rainwater tloating on top of sabkha brine and locally held up by rocks and an 
impervious layer. The small changes that have occurred after dewatering show that it is not 
possible to interpret the water encountered at W A S  site as derived tiom artesian sources. 
The high water table level (+10.3 m RCD) under the sand dunes in 1977 was interpreted as 
due to water flowing tiom a deep aquifer by artesian pressure. The new water table levels 
measured at the same dune at Pristine hill is + 4 m RCD. This is very close to the water level 
measured in the adjacent sabkha in 1984. If the assumption of an artesian condition is 
correct, the water table under the dune should have recovered once dewatering terminated in 
1983. It is therefore concluded that the water stored under the sand dunes originated from 
accumulated rainfall. 
(vi) Reclamation of Sabkhat A1 Fasl with 1 to 3 rn of sand blanket, and the sealing of 
the sabkha surface by roads, parks, and buildings, has decreased significantly the evaporation 
rate from the sabkha surface. This has caused a groundwater table rise at a rate of some 13 
cmfyear which will continue - perhaps at a reducing rate - until a new balance between 
infiltration and evaporation is reached and salt begins to be precipitated. 
(vii) The natural replenishment sources at Sabkhat A1 Fasl are sea water, rainfall, 
lateral flow (run-off) from the adjacent uplifted areas, and artesian leakage from a deep 
aquifer. The main outflow or discharge channels are evaporation and outflow to the Sed. 
(viii) An evaporation rate of about 8.0 cmfyear and a sediment thickness above the 
water table of about 70 cm, will maintain the natural balance of water recharge and discharge 
in the sabkha system throughout the year. 
CHAPTER 6 
6. OBSERVATIONS ON PROBLEMS FOR CONSTRUCTION AND 
CULTIVATION IN RECLAIMED GROUND 
During this comprehensive study of Sabkhat Al Fasl before and after reclamation and the 
development of W A S  it has been seen how changes in the shallow groundwater regime 
contribute to widespread problems for construction and cultivation. Damage is already 
commonplace and has been studied in the field though not in the laboratory. The 
observations are as is to be expected and show the importance of proper attention to the 
design and management of developments in this type of ground. 
From the engineering and cultivation points of view it has been thought necessary for the 
water table to be maintained at more than 1.5 m from the ground surface. This led to the 
decision to place fill on the sabkha surface before developmental activities. In practice it has 
turned out that the water table has risen to much closer to the surface in many localities. 
This is shown in Figures 6.1 and 6.2 where the relationship between surface and current 
depth to the water table is explored. The changes in water level with time described in 
Chapter Five are summarized in Figure 6.1 which gives a sketch showing the original and 
new water levels. 
The changes in water composition between 1983 and 1993 show that a substantial decrease 
in water salinity is associated with the water table rise and that chloride concentration in the 
central parts of the sabkha decreased from 220,000 mgfl to 150,911 m@, and from 60,000 to 
10,000 m@ in the residential area. Conversely nitrate concentration rose from 200 to 800 
mgn in the shallow groundwater in the residential part of Sabkhat Al Fasl. Field 
observations and excavations showed that the top of the capillary fringe is either close to or 
at the present ground surface: and contaminates the fill materials that host most of the 
structural foundations, roads, and plant root system. 
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Figure 6.1: Schematic diagram showing the shallow groundwater table at 
different units at Sabkhat Al Fasl between 1977 and 1993 
due to reclamation and urbanization activities. 
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Figure 6.2: Relationship between the ground surface and water table elevation 
at the reclaimed parts of Sabkhat A1 Fasl, 1993. Notice that a number 
of observation wells show that water table is approaching or exceeding 
the (critical) zone. 
A typical moisture profile above the existing water table in August 1993 is presented in 
Figure 6.3. This shows that the height of moistened soil reaches up to 130 cm above the 
existing water table with the moisture content decreasing upwards from 18% to 2 % at the 
upper surface. A moisture content at the surface of 2% during the summer months suggests 
that the capillary fringe could exceed the present ground surface and could be classified as an 
'open . ~ .~ capillary .. system (Fookes et d (1985)). Further sand placed on thksurface could 
. . - -. .. . - ~ .. - - . - -. ---- - ~- ---- - - 
be wetted by capillary rise. The concentration of chloride in the soils shows that the surface 
moisture is close to saturation and is able to precipitate a salt crust on the surface of the 
reclamation even though the overall levels of Ionic concentration in the water are reduced 
relative to the original sabkha. 
A typical profile of salt distribution through the soil column placed on top of sabkha at the 
selected site (Sl) is presented in Figure 6.3. A remarkable amount of salt has already been 
introduced into the soil pores. Chloride decreases from 792 to 72.6 mgh in the interval 
between 20 and 100 crn above the water table but increases to 3933 mg/l at the top surface of 
the fringe 130 C m above the water table. The initial chloride content in the fill was less than 
100 mgh. The chloride in the upper levels of the fill could have been generated by 
evaporation of moisture or accumulation from wind blown spray. Comparison between the 
salt distribution pattern in the reclaimed soils after 10 years and that in the natural part of 
Sabkhat a1 Fasl (Figure 6.4) shows a similar pattern of moisture and salt distribution in the 
two systems though concentrations are different. The increase in salinity of the fill produces 
what might be called sabkharization. 
A number of buildings and roads placed on the reclaimed parts of sabkha landform at Sabkhat 
A1 Fasl and other reclaimed sites along the Gulf Coast have been damaged by cracking. 
These failures can be attributed to the following. 
1. Reduction in bearing strength of the sediments due to movement of salts. 
2. Accumulation of salts at new levels and their penetration into the construction 
materials. 
3. Removal of layers of salt at depth with renewed precipitation of higher levels leading 
to potential settlement. 
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Figure 6.4: Typical salt profile describing the major chemical ionic concentration 
in the natural sabkha sediments (Sabkhat A1 Fasl, Jubail), 1993.. 
Field observations during the study of reclaimed sabkha revealed that a significant numbcr of 
underground installations such as pipelines, concrete foundations, and concrete piles have 
been affected by severe steel corrosion and other forms of deterioration. The following 
observations have been made. 
1. Most of the affected facilities are now surrounded by highly saline water or are placed 
on or within moistened and salt-contaminated soils which in some instances approach 
saturation with chlorides. 
2. Chemical analysis-and sedimentological profiles showed that sabkha brines are also 
saturated with sulphates which have contributed significantly to concrete 
deterioration. 
3. It was observed that halite and gypsum occur at the surface in association with 
temporary water table rises accompanying rainfall, or are drawn up by evaporative 
pumping and capillary action during the summer months. These salts rise in 
construction materials above the ground surface and cause rapid spalling and 
decomposition of concrete. This process has been described by French (1978) from 
field observations and experiments on rocks and concrete. 
4. Hydrogen sulphide generation has enhanced the potential for corrosion and 
deterioration of materials pIaced in reclaimed ground and is particularly damaging to 
concrete, including pipes, placed in the ground. 
Recently large trees planted in the residential area at Haii Ad Deffi and Haii A1 Fanateer were 
found to be not growing properly after the irrigation program was stopped to control the 
groundwater table rise in these parts. Inspections during the excavation program in 1994 
indicated that the root systems have now reached the zone above the sabkha brine. It is 
suggested that continuous irrigation (1983-1985) diluted the sabkha brine and allowed the 
trees to flourish. However, when the irrigation was stopped, late in 1986, in order to lower 
the water table, salts reformed and the trees were not able to tolerate the returning high 
salinity. 
To keep such plants alive in the reclaimed parts of Sabkhat Al Fasl, an irrigation program is 
required to maintain a low salinity immediately around the root system. MI, Al-Muqari I, 
(Personal communication, 1994) has confirmed that the trees at Haii A1 Fanateer, and Haii Ad 
Deffi are flourishing again after applying such irrigation. The groundwater table risc in thesc 
areas has also been curtailed by implementation in 1989 of an underground drainage system. 
CHAPTER 7 
7. SOIL WATER MOVEMENT IN NORMAL AND SALTY SOILS 
A number of researchers have studied the influence of moisture and salt contents of soils on 
their engineering properties (Stepho (1985), Cole and Lewis (1960), Ellis (1973), Akili and 
Torrance (1981) and Jergman (1981)). Others (Netterberg et al. (1974), Fookes (1975), 
Fookes & French (1977), French et al. (1977), Fookes (1987), Tomilson (1978) Obika et al. 
(1989)) have described the influence of groundwater chemistry, moisture and salt migration 
from sabkha brine on the performance of foundation concrete and pavements placed on the 
reclaimed sabkha landform. Special attempts were made by Fookes and French (1977), 
French et al. (1982), Fookes et al. (1985), Obika et al. (1989) to study and define the 
capillary fringe and the hazardous zones in sabkha landform based on the moisture 
distribution above the existing water table. They classified the capillary fringe into two types, 
namely 'open capillary', in which the capillary fringe rises to reach the ground surface and 
evaporites precipitate near the top of ground surface, and 'closed capillary', in which the 
capillary fringe does not reach the ground surface and evaporites precipitate above the water 
table level in more or less dry sediments. The moisture profile in the coastal arid region they 
divided into five zones based on the water level, limit of water table fluctuation, and capillary 
rise. It was also pointed out that previous knowledge about these zones could be used to 
locate foundations, pavements, and landscaping out of harm's way. 
Several attempts have been made to study the influence of fabrics as capillary break systems 
(Clough and French (1982) and French et al. (1982)). Most of the published work in this 
regard is based on empirical data and some laboratory work.. They pointed out that, the 
efficiency of capillary break systems depends on the position of the geotextile in reference to 
the capillary fringe and they recommended that field experiments should be set up to quantify 
the optimum position in relation to the water table. 
Several geologists have studied the moisture and salt movement in the sabkha system in 
relation to diagenetic and hydrogeological processes (Hsu and Siegnthaler (1969), Hsu and 
Schneider (1973), Bush (1973), Patterson (1972), McKenzie et al. (1980), Robinson and 
Gunatilaka (1991) and Gavish (1974)). Extensive laboratory experimental work and field 
observations showed that the movement of saline water in sabkha involved a hydrodynamic 
mechanism with evaporation loss at or near the surface. Their experiments verified that the 
fluid flow through the porous media of the sabkha was induced by an upward decrease in 
hydrodynamic potential during evaporation ,leading to an upward flow. This type of 
movement was described as an evaporative pumping mechanism. Obika et al, (1989) 
discussed the mechanism of soluble salt migration. They postulated two fundamental ways in 
which salt can migrate to the surface. One involves the direct capillary movement of salt in 
solution to the surface as a result of evaporation. The second mechanism involves conversion 
of moisture containing salts near the surface into vapour and solid during the day. At night 
the hygroscopic properties of the salts lead to condensation at the surface resulting in 
transference of moisture and salt in solution towards the surface. Very little attention has 
been given to the mechanisms inducing the water table rise with associated salt precipitation 
into reclaimed soils and to quantify the rate of moisture and dissolved salt movement and 
accumulation. The factors that might influence this phenomenon are reviewed in the 
following sections. 
7.2 THE SOILWATER REGIME 
A number of publications have discussed the soil-water and salt movement under normal 
conditions. Gardner and Gardner (1959), Philip and Vries (1957), Youngs (1988), Brady 
(1990), Gardner (1960), Briggs (1897)) have discussed the soil-water concepts for agronomy 
purposes. (Zunker (1930), Swartzendruber and Kirkham (1956) and Wellings and Pel1 
(1982)) have described the physics of water movement in the unsaturated zone and its 
implications in hydrogeological studies. The flow of water in soils and capillary concepts for 
non-salty soils and clean water under laboratory conditions has also been reviewed (e.g. 
Terzaghi & Peck (1967), and Capper and Cassie (1967)). In general, soil water regimes can 
be classified as: 
1. Free Water (Gravitational Water) which drains freely through the soil under the 
influence of gravity. 
2. Retained (Held) Water, that does not move freely under the influence of gravity, 
and it is found in different conditions as the following. 
Structural water that is chemically combined in the crystal structure of some 
minerals (e.g. Gypsum, CaS04.2H20). This water can be removed by 
breaking the crystal structure by heat or high pressure. 
Hygroscopic (adsorbed) water that is adsorbed from the atmosphcrc as a thin 
film on the surface of soil particles, and held with a considerablc force. 
Pellicular water which is found as moisture on the ground surfdce, and is 
formed by attracting the vapour from the air. 
3. Capillary water held in the interstices of a soil due to capillary forces. These 
forces are responsible for the retention or movement of water in soil above free 
water. The capillary suction pressure is dependent on the capillary diameter. 
7.2.1 Soil-water movement above the water table 
Several authors have discussed in detail theories of water movement by capillary f o r m  under 
normal conditions. The following is a summary of the principal concepts that deal with soil 
moisture and water movement as discussed by (Briggs (1897), Buckingham (1907), Lebedeff 
(1927), Zunker (1930), Terzaghi and Peck (1967), and Brady (1990)). Capillary movement 
in soil is defined as the movement of soil moisture through the pores between and in the soil 
particles. The pores work as irregular tubes through which the soil moisture is drawn above 
the groundwater table and the surface tension pulls the water upward in small capillaries. The 
balance of capillary forces and gravitational forces may be disturbed by water loss through 
transpiration and evaporation. Figure 7.1 (reprinted from Brady (1990)) illustrates the 
concept of water rise in the capillary tube. It shows that the water rises in the glass tube from 
various different forces. Water will continue to rise upward till these f o r m  reach equilibrium 
with the atmospheric pressure. The maximum height of water rise in the tube (h,) is called 
the capillary height. ' h e  forces generating and controlling such capillary rise in the tube 
include the following. 
The attraction forces between the water molecules and the walls of fine tubes 
through which it moves (adhesion or adrorption force T J. 
The mutual attraction of water molecules which leads to surface tension; 
(cohesion C) . 
The gravity force that pull the water column downward (gravity . 
According to the capillary tube hypothesis, the height of water rise in a capillary tubc (hc) is 
inversely proportional to the tube diameter (r), and directly proportional to surface terasio~a: 
2.Ts.Cos 8 
hc = 
g*pw*r 
where hc= capillary height, r = radius of the tube in (cm.), g = gravitational force, Ts = 
surface tension, 0 = angle between meniscus and the tube walls, and pw = density of water. 
The above equation for the case of water, simplifies to the ideal expression 
Although the water rise mechanism is the same in the tube and in the soil, the rate of upward 
movement in the soil system is less than in a capillary tube due to the irregularity in the soil 
shape, variability in soil composition, size of the soil pores, and because of entrapped air 
(Brady (1990), Terzaghi and Peck (1967)). 
Hence, the height of the capillary rise of water in soils (h,) has been modified for practical 
purposes by Terzaghi 1967 as: 
hc = 
e m 0  
Where, e is the void ratio, Dl0 (cm) is Hazen's effective size, and C (cm2) is an empirical 
mnstant that depends on the shape of grains. It ranges from 0.1 to 0.5 cm2. 
It was noticed by French et aL 1982 that if a piece of rock containing pores, such as chalk, is 
placed on a wet surface, water is drawn into the chalk by a suction pressure which results 
mainly from the surface tension of the water acting on a pore of small diameter. A collection 
of sand grains picked to have narrow wnes between particles will also transmit water in a 
similar manner. The rise of water is governed by the smallest inter-connected capillaries 
present and chalky soils may transmit moisture to a greater height through the chalk 
fragments than through the spaces between soil particles. 
'l'hus the capillary tube hypothesis, as shown in Figure 7.1, is at best an approximation 
because the soil column above the water table is compr~sed of a collection of continuous and 
sometimes discontinuous pore spaces within solid. The pores are variablc in size and n 4  to 
be connected with other pores to form a continuous path for flowing water. At t ima thc 
,..' 
.a- 
...' 
Free water surface 
Capillary tube 
Figure 7.1: Demonstration of the soil-water movement by the capillary action 
after Brady 1990. 
kntinuous path formed by interconnecting pores b a m e  blockcxi and the movemcnt of watcr 
is obstructed. 
Recently some authors (Brady (1990), Wellings & &ell (1982), Linsley et al. (1975)) havc 
attempted to explain the soil-water movement in unsaturated regime by using the soil watcr 
potential energy concept developed by Buckingham in 1907. They assumed that soil-water 
can be moved through the soil profile if there is a difference in potential energy from point to - 
point. The assumed potential is calculated with respect to an arbitrary reference of pure free 
water at atmospheric pressure. 
Buckingham in 1907 had visualized the tlow of water through soil as being comparable to the 
tlow of heat or electricity through a conductor, and proposed the term capillary potential, 
which he defined as the work required to move a unit mass of water from the free water 
surface to the specifidpoint, against gravity forces in tire soil column. Capillary potential is 
negative in sign, since the water movement is upward from the groundwater table. 
Brady (1990), Wellings & Pel1 (1982), Linsley et al. (1975), Taylor & Ashcroft (1972) have 
defined the principal potential energy components that induce soil-water movements as 
follow: 
M m i c  potenrial (vm), which results from the attractive (surface tension) forces 
between soil matrix and water and always has a negative sign. Matric force is 
responsible for adsorption and capillary action (Brady (1990)). The prcssure 
difference between the atmosphere and soil-water, P, is given by: 
where 6 is the surface tension of water, a the contact angle, and r the radius of 
pores. The matric potential and pore radius are related as: 
A useful approximation was given by Wellings and Pel1 (1982) as: 
therefore, v m  = 0.3/d 
where d = pore diameter in cm and vm = matric potential in cm of water, or 
millibars (This is equal to the head of water above the water table). 
Solute (Osmotic) Potential (vs): This potential results from the attraction of 
the solutes for water and always has a negative value sign. The inl'luence of 
Osmotic pressure is negligible in the humid region, but has a great inlluenw in 
the salt-laden (sabkha) terrain of arid regions. Bohn et al. (1979) suggested that 
osmotic potential and Electrical Conductivity (rnmho/cm) are related by the 
expression: 
(Vs) = EC * -0.36 (bars) 
Pressure Pofenthl (vp): This potential result from either a hydrostatic 
pressure or a difference in air pressure between the soil and atmosphere. In 
unsaturated soils there is no hydrostatic pressure and no differences in pressure 
exist between air in the soil and air in the atmosphere. 
Gravitutt'onal Potential. (Vg): This potential takes account of differences in 
elevation between the soil-water and a specified reference point. The sign can be 
positive or negative depending on the position of the reference point, but if the 
reference is the soil surface (zero gravity potential) then at all depths in the soil 
the gravitational potential will be negative. 
where g is the acceleration due to gravity, and h is the height of the soil-water 
above the reference elevation. 
Under the situation of the current study the major components inducing soil-water 
movements are (qq, and (yS), and the total potential (Vt) can be expresscri as: 
The dimensions of the potential in soil can be expressed as (head) in units of 
height or bars. (One bar pressure = 10 m head). 
7.2.2 Moisture distributed in the soil profile above water table: 
Moisture availability in the unsaturated zone that is distributed above the water table in 
normal and salty soils has been classified into three zones based on the water content in the 
soil profile (Zunker (1930), Terzaghi and Peck (1967), Fookes and French (1977)) Figure 
7.2 shows that the upper part of the soil profile 'soil zone' consists of dry soil in which the 
voids are completely free of water. The 'intermediate zone' lies between the soil zone and - 
capillary fringe in which the pores are partially occupied by water. The lower wne  extending 
from the water table to the intermediate zone (capillary fringe zone hc3  is saturated but the 
water is held by a negative pressure to atmospheric. The height ( h 3  of the moist zone which 
includes the capillary fringe and intermediate zone is called the height of capillary rise. 
Fookes & French (1977) and Fookes (1978) classified the capillary system in the coastal 
plain in arid regions into two types, as shown in Figure 7.3. These are open and closed 
systems, based on the relationship between moisture profile and ground surface. 
7.2.3 Height of capillary fringe: 
Capillary fringe height in soils is controlled by the upward water movement caused by 
capillary suction. A number of soil scientists consider that capillary fringe height depends 
mainly on the size and continuity of the pores and soil packing. Table 7.1 summarizes the 
capillary fringe heights and corresponding grain sizes for different soils as documented in the 
literature (Brady (1990), Terzaghi and Peck (1967), Shaw and Smith (1927) and Jumikis 
(1962)). 
Laboratory experiments and field 0bse~ations how that the height of the capillary rise in 
soils varies inversely with the grain size. The standard height in fine sands under normal 
conditions is less than 100 cm. 
Rises greater than 100 cm have been recorded in different places in the sand-fill materials 
placed on top of sabkhat A1 Fasl. Such a height of rise in the reclaimed sabkha system has 
been also recorded by Fookes et al. (1985). As shown in Figure 7.4, the capillary fringe in 
different places in the Middle East at reclaimed sabkha sites varies tiom 0.5 to 1.3 m. Such 
differences in the observed height and what is documented for the same soils lead to 
questions concerning the mechanisms intluencing the tluid movement in the sandy soils 
under arid conditions. 
Table 7-1: Summary of Capillary Fringe Height in Different Soils 
7.3 EVAPORATIVE PUMPING MECHANISM: 
Water movement in sabkha systems has been investigated by several researchers (Hsu and 
Siegenthaler (1969), Hsu and Schneider (1973), Patterson (1972), Bush (1973) and 
McKenzie et al. (1980)) in attempts to interpret the diagenetic process. The results of a 
series of laboratory experiments and some other field observations revealed that the water 
movement in the coastal sabkha is controlled by two mechanisms: 
Capillary fringe height (em) 
2 to 10 
10 to 15 
15 to 30 
30 to 100 
100 to 1000 
1000 to 30000 
3000 and more 
Soil type 
Fine gravel 
Coarse sand 
Medium. sand 
Fine. sand 
Silt 
Clay 
Colloids 
(i) reflux flow whereby hypersaline water enters the sediments either from a lagoon (Deffeyes 
et aL (1965)) or by concentration of storm tide waters by evaporation (Bush (1973)), and 
Grain size (mm) 
2to 1 
1 to 0.5 
0.5 to 0.25 
0.25 to 0.05 
0.05 to 0.005 
0.005 to 0.0005 
<0.0005 
(U) evaporative pumping whereby a dynamic movement of salt waters under an arid coastal 
plain is induced by evaporation; the evaporative loss of interstitial waters being replaced by 
seepage flow from the sea (Hsu and Siegenthaler (1969) and Hsu and Schneider (1973)). 
This type of hydrodynamic movement has been defined by Hsu and his group as evaporative 
pumping. Evaporative pumping in the arid coastal plain is widely considered to be the most 
effective mechanism for moisture and salt migration from the sabkha brine with 
consequential precipitation of the evaporite minerals within the soil column above the water 
table. 
These various authors have suggested that the mechanism of moisture and associatd salt 
migration from groundwater beneath sandy sabkha is attributed mainly to the "evapomtive 
pumping" mechanism rather than capillary action'alone. They assumed that, sin= lhc 
sediments of the sabkha are too coarse to support extensive capillary movement, the brines 
may migrate upward by "evaporative pumping". They suggested also that the hydrodynamic 
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Figure 7.3: Types of capillary in the coastal arid region, after 
Fookes and French 1977. 
Figure 7.4: Estimated and measured height of capillary fringe (After Fpqke$ et 
a1.1986) 
Appatent height in metres above water table 
movement induced by evaporation could be an effective mechanism to transport dissolved 
salts upward towards the sabkha surface. The rate of the saline tluid flow induced by 
evaporative pumping is mainly governed by evaporation rate from the sabkha surface which 
is related to the ambient conditions (temperature, wind speed, air humidity, etc.). 
The concept of evaporative pumping however leads to the eventual stabilisation of the sabkha 
surface. If the surface is dry and the moisture surface is say some tens of centimetres down 
then evaporative pumping will not occur. Surface soil may be removed by erosive processes 
until evaporation can bring moisture to the surface. Conversely if the capiIIary fringe is at 
the surface then precipitation of salts may produce a buffer layer controlling the moisture 
level both above - in the atmosphere - and below the salt crust and so prevent evaporation. 
Also, where surface soils are normally dry, the incidence of minor rain or dew precipitation 
will make the surface damp so that it can pick up sediment and salts from wind blown 
sources. Surface infiltration may therefore produce a surface evaporite without connecting to 
the main capillary fringe. This process may occur where reclamation has been carried out 
and could represent an intermediate step in the progressive redevelopment of the natural 
equilibrium. The studies of Sabkhat A1 Fasl provide an opportunity to investigate such 
complex processes. 
The application of the capillary rise formulae directly to sabkha also has a number of defects. 
For example, the surface tension of water containing salt and the density of the water are not 
the same as those of pure water. Also the soil types can contain abundant micro-porous 
carbonate which will accentuate transport if they are in contact. There is usually a small 
amount of clay coating sand grains which will modify the flow conditions. Once salt has 
been deposited its hygroscopic properties will also intluence the magnitude of moisture rise 
even where the salt is added to the surface from external sources. 
7-4 NATURAL EQUILIBRIUM DISTURBANCE OF THE SABKHA SYSTEM AND SALINE FLUID 
MOVEMENT 
The equilibrium of sabkha surfaces is evidently controlled by several factors such as: depth to 
the water table, rate of evaporation that is related directly to the climatic conditions, source 
and rate of sabkha water replenishment. Any change in these factors will disturb the 
equilibrium producing a change that will continue until a new equilibrium regime is attained. 
During the sabkha urbanization programs in the Middle East, Leveral attempts have bwn 
made to estimate the impact of reclamation activity on groundwater table rise. Most of the 
sabkha reclamation programs in the Gulf countries have been carried out by placing 1 to 3 m 
thick of sand fill on top of an active sabkha landform to keep the water table below the critical 
level of foundations and landscaping root systems. This assessment of the I C V C ~  of sand 
required is based on the idea that the sabkha groundwater regime is an hydrostatic system. 
Results of water table tluctuation in Sabkhat Al Fasl indicate clearly that the groundwater 
regime in sabkha is hydrodynamic and that the water table is always responding to external 
effects to adjust the equilibrium state of water level and sabkha surface. 
The relationship between depth to the water table and the water table lowering during the 
summer months due to evaporation for Sabkhat A1 Fasl area is illustrated in Figure 5.15. This - 
shows that the rate of evaporation from the sabkha surface decreases with increasing 
thickness of soil column placed above the water table level. The evaporation rate from the 
sabkha surface may be a dominant factor governing this process of change. However, 
evaporation will be restricted by construction and irrigation and construction will of itself 
increase the water input. 
7.5 FACTORS AFFECTING THE RATE OF SOIL -WATER MOVEMENT 
7.5.1 Physical and chemical characteristics of soil and water regime: 
(i). Physical Soil characteristics: Many attempts have been made to establish the 
relationships between the rate of moisture rise and the physical characteristics of soil 
particles. It is documented in many publications that the rise of the capillary fringe 
increases with decreasing particle sizes, increasing void continuity, increasing clay 
content, bulk density, and degree of compactness (Terzaghi and Peck (1967), Brady 
(199O), Gupta and Larson (1979), and Driscoll 1987). Fookes and French (1977) 
reported that capillary rise is dependent on microporosity, and the presence of high 
macroporosity may be responsible for reducing the potential capillary suction. 
However this applies only if the presence of large pores is accompanied by increase 
in the size and interconnectedness of small pores. 
(ii).Groundwater reghe:  Laboratory and field investigations indicate that the rate of 
upward motion of the capillary fringe in soils is directly related to the water table 
depth. It shows that the rate of capillary movement increases with decreasing depth to 
the water table while it decreases with increasing moisture content in the soil profile, 
(McKenzie et al. (1980)). On the other hand, Jolly eta!. (1993) n o t i d  that the rate of 
moisture rise in the soil column was depressed by increasing the water salinity. 
Abdul-Qayyum and Kemper (1962) observed that the rate of evap~ration decreases 
with increasing water salinity which in turn decreases the rate of moisture rise. 
(iii).Salt-contaminated soils: Distinction must also be made between water with salts in 
solution and water in equilibrium with precipitated salt. Many laboratory studies and 
field observations concerned with agronomy, hydrology, and engineering gwlogy 
applications (Fox (1957), De Jong et al. (1983), Abdul-Qayyum d al. (1Y62), and 
Robinson (1952) indicate that the height of capillary fringe decreases with increasing 
salt content in the soil columns above the water table. Salt encrusted at the surbce of 
the soil profile will absorb a considerable amount of water tiom dew and humidity - 
during the summer months but is dissolved by rain in winter. This decreases the rate 
of evaporation and consequently the rate of moisture rise (Patterson (1972)). Fookw 
et al. (1985) has commented that visible dampness is not a reliable guide to the 
capillary fringe in sabkha landforms because salts precipitated reduce capillary fringe 
movements and can lead to the formation of a damp surface through hygroscopic 
absorption of moisture. A comprehensive laboratory study of the effects of salt 
concentration on the movement of moisture within a soil profile by Abdul-Qayyum 
and Kemper (1962), indicated that evaporation From soils with low salt levels was 
significant but that salt crust formed on top of the soil profile lowered the rate of 
evaporation. High salt contents were also found to lower the water holding capacity 
of the soil. On other hand, it is found that an excess of organic and carbonate content 
influences the soil water retention in the soil column and enhances the rate of 
capillary fringe movement (Fookes and French (1977) and De Jong eta!. (1983)). 
7.5.2 Sabkha dynamics and diagenesis process in sabkha systems: 
It is widely recognised that a natural sabkha is a dynamic system that tends to maintain its 
surface in equilibrium relative to the water table (e.g. Kinsman (1969) and Patterson (1972) ). 
The factors influencing this equilibrium include the following. 
L Seasonal variations: The water table monitoring in different sabkhas within the 
study area shows that there is a rise and fall in the winter and summer months. 
The gross annual cyclic change of water table level in Sabkhat A1 Fasl reaches 
about 25 cm. Since the capillary Fringe and entire moisture profile is connected 
with the underlying water, then the rate of capillary motion and height of the 
moisture profile in the sabkha system responds quickly to the changes of water 
table. A diurnal cycle is superimposed on the annual cycle. 
ii. Alternating layers of salts in the sabkha system: The formation of cvaporitc 
layers will decrease rates of movement and evapc~ration and may cause a diffusion 
barrier which breaks the capillary continuity (French et al. 1982, and Fookcs et dl. 
1985). 
iii. Diagenetic processes in the sabkha system: The presence of diagenetic mincrdls 
such as gypsum above the water table lower the intluence of capillary motion in 
the sabkha system (Fookes et al. (1985)). Recrystallizalion is common in sabkha 
with secondary gypsum and dolomite replacing existing phases. Thesc changes 
will cause changes in pore size distribution and hence the potential capillary rise. 
On other hand, the presence of halides can enhance the moisture rise. A rcsearch 
study in evaluating the salt-concentration in soil and its effects on moisture 
movement and evaporation by Abdul-Qayyum and Kernper (1962), indicated that 
more moisture movement is recorded in soils containing CaC12 than in the soils 
containing NaC1. Such results show that rate of moisture movement is also 
strongly dependent on the types of minerals present. More investigations in this 
regard are needed to evaluate the impact of evaporites in sabkha systems on the 
rate of capillary movements. 
CHAPTER 8 
8. EXPERIMENTAL DESIGN AND MONITORING PROGRAM OF 
MOISTURE RISE AND SALT MIGRATION WITHIN THE FILL 
MATERIALS PLACED ON SABKHA SURFACE 
From the literature and the authors experience with engineering geological applications in 
sabkhas, the migration of moisture and associated dissolved salts and the height of capillary 
fringe in the reclaimed sabkha system are controlIed by several factors as follows. 
1. Physical and chemical characteristics of soils. 
2. Depth to the water table and changes in water table level. 
3. Groundwater chemistry. 
4. Climatic conditions. 
5. Dynamic processes and equilibria in the sabkha system. 
6. Upward movement of deep water through artesian pressure. 
To study the details of these processes a series of experimental be& was set up with a view 
to establishing some or all of the following. 
(i) To understand the mechanism of saline tluid movement and the effect of prevailing 
conditions in sabkha landform. 
(ii) Evaluate and quantify the ratc CII moisture and dissolved salt migration in dittcrcnt 
soil types that were used in the reclamation program in the Gulf countries. 
(iii) Verify the effect of salt ratios on the rate of moisture movement undcr ficld 
conditions in the sabkha system. 
(iv) Study the performance of capillary break systems under the prevailing field 
conditions. 
(v) Assess the amount of water that could be harvested from the sabkha surface and 
used in sand dune afforestation programs. 
To achieve the objectives of this study, a total of 11 test plots were designed by the author. 
Construction was commenced in July 1993 and completed in August 1993 by using the 
machinery and labour works of A1 Walid Bin Saud/Gulf Consult company. The operation 
activities were carried out under the close control and supervision of the author, and 
financially supported by the Research Institute at KFUPM. 
The first stage of the experiment characterized the materials used in the test: fill-materials, 
gravel, salt and fabric membrane. In the second stage the groundwater and topography of the 
selected test station were evaluated. The test beds were then created and monitored. 
Detailed descriptions of experimental design, monitoring, sampling, and laboratory testing 
program are given in the following sections. 
8.2 NATURAL SJ3TTING OF SABKIIA AT THE TEST STATION 
The test station (TS) is located in the northern unreclaimed part of Sabkhat A1 Fasl as shown 
in Figure 8.1. At the initial stage of establishing the test station, a surveying program was 
carried out to determine the topography of the ground surface. A number of shallow pits 
were excavated in and around the test station in order to study the sabkha materials and to 
determine the water table depth and to collect water samples to determine the major 
components of sabkha brine encountered at the test plots. 
Dune sand (S) and dredged materials (D) that were used in the Sabkhat A1 Fasl reclamation 
program and utilized as fill materials in the current exprimental t a t  b d s  were collected 
from two selected site S-1 and D-1 (Figure 8.1). 

8.3 CHARACTERIZATION OF MATERIALS USED IN TIIE EXPERIMENTS: 
A routine laboratory testing program was carried out to characterize the soils used as fill 
materials, salts mixed with fill materials, and gravel materials used in the capillary break 
systems. The Soil Laboratory in the Civil Engineering Department, and engineering 
geological laboratory, Central Analytical Laboratories (CAL) and Materials Characterization 
Laboratory (MCL) at the RI/KFUPM were utilized to determine the physical, chemical and - 
mineralogical characteristics of these materials. The tests used in this section are listed in 
Table 8.1. 
Table 8-1: Laboratory Testing Programs Performed to Characterized the Materials 
Introduced in the Field Experiments 
One type of non-woven geotextile called Polyflet TS-800 was used in this study. The 
specifications of this type are taken from the manufacturer standard manual. 
8.4 CONSTRUC~ION OF TEST PLOTS 
Purpose to determine: 
Gradation of soil samples 
Specific Gravity 
Soluble salts in fill-soils 
Mineralogical composition 
Test type 
Sieve Analysis 
Index parameters 
Chemical analysis 
Mineralogical 
constituents 
The eleven test plots, as shown in the factorial design (Figure 8.2) were designed with 
sufficient variables to yield the necessary quantitative information in relation to mechanisms 
affecting the moisture and dissolved salt migration in the reclaimed sabkha system under the 
prevailing local climatic conditions. , The following variables were cc~nsidered in this 
experimental program. 
Method 
ASTM- D-422 
ASTM D-854 
ICP, and IC 
X-ray Diffraction 
(XRD) 
Two types of soils: dune sand (S) and dredged materials (D), 
Three levels of salt: 0%, 5%, 10% by volume, 
Two types of capillary break systems: Gravel System (G), and Soil-Fabric- 
Gravel-Fabric System (X), 
Two locations of capillary break system; one in the anticipated capillary fringe, 
and the other placed on the top of sabkha. 
The experiments were carried out under the following constraints: 
Shallow groundwater regime at Sabkhat A1 Fasl; water table changes water 
chemistry, 
Prevailing climatic conditions over Jubail area in the Eastern Province of 
Saudi Arabia.. 
8.4.1 Set up of experimental test plots: 
2 The general framework of the test station (TS) was constructed in a 1500 m (150 m 
x 100 m) area and divided into three major sections as shown in Figure 8.3. The 
eleven test plots were distributed within the boundary of the test station as follows. 
SECTION I; This section involved four test plots designated (IS), (ID), (Iss) and 
(IDS) to study the mechanisms of moisture and salt migration from sabkha brine into 
the normal dune sand (S), normal dredged materials @), salty dune sand (SS) and 
salty dredged materials (SD). 
SECTION 11; This test plot designated (IINsb) was specified to monitor the water 
table changes and was set up in the test station and to appraise the impact of the 
evaporative pumping mechanism on harvesting the evaporated water that could be 
used in the sand dune afforestation programs. 
SECTION IU; This test'site included the test plots designated (IIIGI), (IIIG~), 
(111x1) and (111x2) and were designed to investigate the mechanisms, performance 
and efficiency of the capillary break systems under the prevailing climatic and sabkha 
conditions. 

LEGEND 
S: Dune Sand 
SS: Salty Dune Sand 
D: Dredged materials 
DS: Salty Dredeged 
materials 
G: Gravel break 
system 
X: Geotextile, gravel 
break system 
Nsb: Natural sabkha 
Observation well 
Figure 8.3: Lay out of test plots constructed within the general framework of 
test station at Sabkhat A1 Fasl. 
Elgure 8.4: Schematic diagram showing the sequence of operational activity that 
is carried out in test plot construction. 
GS 
GS Ob8ervati well 1 
1. EXCAVATION OPENED TO 
REACH THE WATER TABLE 
2. OBSERVATION WELL INSTALLED 
3 EXCAVATION WALL'S COVERED 
WlTH POLYETHELENE SHEET. 
4. EXCAVATION FILLED WlTH 
FILL-MATERIALS SUCH AS: 
DUNE DREDGED M n  
OR W T Y S O I L S .  
5. FILL MATERIALS COMPACTED 
UNDER A DRY CONDITION 
6. SHOULDERS OF TEST PLOT 
COVERED BY GRAVEL LAYER. 
Figures 8-5: Operational activities during the test bed construction (excavation, 
lining and observation well installation). 
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8.4.2 Operational activities in constructing the test plots: 
The construction and structure of the specified test plots are schematically shown in Figure 
8.4. The sequence of operational activities of excavation, lining, filling, compaction, and 
placing the required materials were carried out between July and August 1993 as follows: 
1. A total of 8 pits were excavated until the water table level was reached. Each test pit 
was 10 m in length and 1 m deep. 
2. Excavation walls were lined with polyethylene sheet to prevent the lateral migration 
of the moisture and salt from the surrounding sabkha regime, (Figure 8.5). 
3. Test plots (ISS and IDS) were divided into two sections to furnish four test plots with 
different salt contents (Iss~, ISS2) and (IDs~, 1 ~ ~ 2 ) .  
4. An observation well was installed in the middle of each test pit. The screened part of 
each observation well was always positioned beneath the water table. 
5. Before placing the fill materials in the test pits, four types of salty dune sand and 
salty dredged materials with 5% and 10 % of salt were prepared on site by mixing a 
certain volume of crushed salt with a given volume of soil as shown in Figure 8.6. 
Great care was taken to achieve a homogeneous mix. 
Soil fill-materials (dune sand, dredged materials, salty dune sand and salty dredgd 
materials) were placed in each excavation in three layers to bring the fill materials to 
the ground surface level. Each layer was compacted under a dry condition to bring 
the compaction rate to about 90% using a small pneumatic compactor and vibrator. 
Field density and the compaction ratio for each layer was assessed successively in the 
field by CPN MG3 portaprobe densitylrnoisture instrument, Figure 8.7. A general 
set-up of test plots (IS, ISS, ID, IDS) is shown in Figure 8.8. 
6. A capillary break system made of Fabric-Aggregate-Fabric (FAF) was placed in two 
test plots ((111x1, 111x2) at different heights from the water table. The design and 
locations of these systems are illustrated schematically in Figure 8.9. Excavations of 
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(111x1, 111x2) were filled completely with a compacted dune sand until the ground 
surface was reached. 
7. Aggregate capillary-break System (G) was placed in two other test plots (111~1, and 
111~2) at different heights from the water table. The design and location of these 
systems are illustrated in Figure 8.10. The excavations were filled completely with 
compacted dune sand until the ground surface was reached. 
8. R o  layers of compacted fill materials were also placed on top of each test plot to 
increase the soil column by 602 5 cm above the existing ground surface level. 
9. The fill materials placed in each test plot were of dry loose sand. The shoulders of 
each test plot above the present ground surface were covered with a 5 cm layer of 
gravel in order to protect the constructed test plots from the effect of wind (Figure 
8.11). 
10. An excavation about 1.5 m deep was opened at test plot ( I I N ~ ~ ) .  An observation well 
of 30 cm diameter made from PVC pipe was constructed and installed in this 
excavation, the screen area of the riser pipe, that is perforated and wrapped with glass 
fibre mesh, was positioned below the existing water table. An automatic water table 
recorder Stevens-type was fixed on an aluminium stand as shown in Figure 8.12. 
11. After completion of the t a t  plot construction, an additional surveying program was 
carried out to determine the elevations of the ground surface, test plots and 
groundwater at the test station. Readings were taken by a Wild total station TC-1600 
in reference to the RCD (+1.38 m) above mean sea level. 
8.5 FIELD MONITORING, SAMPLING AND LABORATORY TESTING PROGRAM: 
A very comprehensive monitoring and sampling program was carried out during phase 111 of 
the research study (August 1993 to September 1994). During this period depth to the water 
table and height of capillary fringe were monitored at each test plot monthly. Continuous 
soil samples above the water table were collected from each test plot periodically for the 
required laboratory tests. Climatic cunditions from the closest metu)rological station to the 
test station were collected monthly from the RC office. The sequence of monitoring, 
sampling, and testing carried out during phase 111 of the research study is summarizd as 
follows. 
Figure 8-6: Operational activities: filling and compaction of the fa materials placed 
in the test beds. 
Figure 8-7: in-situ testing of compaction rate and moisture funtent in the fd 
materials placed in test beds by Portaprobe moisture/density gauge. 
Tip of observation well (+4.12 to +4.23 mRCD) 
Water Table 
alSep.93 
(+248 to +249 m RRCD) 
+1.64 to +1.73 mRCD 
7- 
Figure 8.8: General view of Test Plots (S, SSl, SS2  D, DSl and DS2). 
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Figure 8.9: Construction of the capillary break system at the test plots 
.;* . . 
- .  
.. r > 
.. , (111x1 & IIIx2). 

Figure 8-11: General view of test bed (Notice the shoulders of test beds protected by 
a gravel layer from the wind erosion). 
Figurn 8-12: An automatic water table recorder h e d  on top of observation well at 
test plot (1I~sb) for continuous monitoring of water table changes at Sabkhat A1 Fasl 
under the natural conditions. 
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8.5.1 Water table monitoring: 
The depth to the water table was measured from the top of the observation well at each test 
plot monthly using a wetted-tap method. In addition, the automatic water table recorder chart 
recording water table fluctuation at ( I I N ~ ~ )  was checked and changed monthly and analyzed 
accordingly. The necessary climatic parameters that affect the mechanisms of moisture and 
salt rises at the installed test plots were collected monthly from the nearest Ray - 
meteorological station during the study period. ' 
8.5.2 Soil sampling program: 
A soil sampling program was conducted six times during the research period from August 
1993 to September 1994 as shown in Table 8.2. A continuous soil column above the water 
table at each test plot was extracted using a modified soil sampler which consists of a 50 cm 
long galvanized Shelby tube (split-spoon), 5 kg weight hammer, and hand wrench. 
, -- 
Collecting the required soil samples was carried out periodically as shown in Table 8.2 
with a lo tof  help of labour from the Gulf Consult office. Procedures for the soil sampling 
- 
- --P . ____ _-_____._-_.___ 
program performed in the test plots are illustrated in Figures 8.13 to 8.15 and discussed in the 
following sequence. 
1. The soil sampler was driven for 50 cm into the Illl-materials placed in each 
test plot by using a 5 kg hammer. 
2. The soil sampler with the extracted soil column was pulled out using a 
manual wrench. 
3. The split spoon was opened and the 50 cm extracted soil column was then 
divided into 5 segments. 
4. Each segment was placed into a plastic bag labelled with test plot designation 
and soil sample number. Tightly closed plastic bags with soil samples were 
placed immediately inside a cooled ice-box to prevent moisture loss. 
5. The hole was cleaned of the loose sand to reach a depth of 50 cm. The soil 
sampler was re-inserted and steps 1 to 4 repeated until the water table 
(normally found about 120 cm tiom the test plot surface) was reached. 
Figure 8-13: Soil sampling activity (Driving the soil sampler and extracting the soil 
and sampler by manual wrench). 
Figurn 8-14: Soil sampling activity (Opening the split spoon). 
C., 
Y1- 
- .  
Figurn 8.15: Soil sampling activity (dividing the extracted soil colum~~ into segments 
and collecting each segment in a labelled plastic bag). 
8.6 LABORATORY TESTING 
An extensive laboratory testing program was carried out during this study to quantify the 
amount of moisture and salt added to the fill materials used in the experiments. The moisture 
content was determined from the collected soil samples according to ASTM D-2216 in the 
RIIKFUPM engineering geological laboratory. The soil samples were then digested with 
distilled water (1:lO ratio) for 24 hours using a shaker. The extract of each sample was ' 
preserved in a marked beaker after filtration and then the concentration of cations (sulphates, 
and chloride) and anions (sodium, potassium, and calcium) determined by IC and ICP in the 
CAL at the RI/KFUPM. Since halite is one of the major constituents of the sabkha brine of 
the field experiment an attempt was made to determine the salt migration into the fill soil 
materials from the sabkha by calculating the NaCl as a percentage of the dried weight of the 
soil from the Na concentration of the water extraction. The schedule of laboratory testing 
conducted during the research period is shown in Table 8.2. 
Table 8-2: Schedule of soil sampling and laboratory testing program commenced 
during the research period. 
Sampling Date 
2-11 Aug. 1993 
22/23 Sep. 1993 
16/17 Oct. 1993 
15/16Nov. 1993 
11/12 Jan. 1994 
16/17 Apr. 1994 
21/22 Sep. 1994 
Moisture 
Testing 
---------- 
All test beds 
All test beds 
All test beds 
All test beds 
Alltestbeds 
All test beds 
Chemical Testing 
---------- 
---------- 
All test beds 
---------- 
All test beds 
---------- 
All test beds 
Elapsed 
Time 
(days) 
0 
45 
68 
100 
156 
250 
409 
Installation1 
Sampling 
Installation 
All test beds 
All test beds 
All test beds 
All test beds 
Alltestbeds 
All test beds 
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CHAPTER 9 
9. RESULTS AND DISCUSSION OF EXPERIMENTAL STUDY 
9.1 EXPERIMENTAL SITE CHARACTERISTICS: 
During the excavation program of test pits, it was found that the original sedimentological 
profile above the water table mnsists of alternating layers. of fine to medium beach sand 
-- - - . . -.. - -  - -  - - 
and light grey clayey materials and shell fragments. Hard layers of 5 to 10 cm thickness 
bearing gypsum were observed in two zones: one immediately above the water table and the 
other 20 cm above the existing water table. Surveying information listed in Table 9.1 shows 
that the ground surface elevation within the test station boundary varies from +3.09 to +3.22 
m RCD. The groundwater elevation at test station varies from +2.48 to +2.51 mRCD. A 
chemical analysis of the local sabkha water is given in Table 9.2. 
Table 9-1: Surveying information at test stations. 
All reading are measured in reference to RCD (Royal Cl~mmission Datum = I J X  m above .wa level) 
L 
(1) GS = ground Surface Elevation (2) TOWE = Top of Observation Well Elevation. 3) Depth to WT = 
Depth to Water Table from top of observation well in September 1993. (4) W E  = Water Table Elevation in 
September 1993. 
T e s t  P l o t  
D e s i g n a t i o n  
IS 
ISS 
ID 
IDS 
IINsb 
IIIGl 
IIIG2 
111x1 
111x2 
TOWE" 
(mRCD) 
+4.22 
+4.19 
+4.23 
+4.12 
+3.88 
+4.41 
+4.M 
+4.42 
+4.48 
GSE"' 
(rnRCD) 
+3.18 
+3.23 
+3.20 
+3.15 
+3.25 
+3.19 
+3.25 
+3.19 
+3.24 
D e p t h  to 
WT'~) (m) 
1.73 
1.71 
1.75 
1.64 
1.39 
1.9 
1.88 
1.91 
1.97 
Risn pipe above the 
test plot (cm) 
__ _- -> 
56 
47 
63 
55 
62 
62 
6 1 
76 
7 1 
WTE'~' 
(RCD) 
+2.49 
+2.49 
+2.4X 
+2.48 
+2.49 
+2.5 1 
+2.5 
+2.5 1 
+2.5 1 
Table 9-2: Chemical analysis of sabkha brine from the area of the test station (TS) 
9.2 CHARACTERIZATION OF MATERIALS USED IN THE EXPERIMENTS 
Two types of soils were used as fill material in the experiments dune sand (S) and dredged 
materials (D). Physical, chemical and mineralogical characteristics of both soils are given in 
Table 9.3. Grain size distributions of dune sand and dredged materials after removing the 
shell fragments (about 10%) from the dredged materials are given in Figure 9.1. Materials 
less than 75 pm reach 1% and 4% respectively in the dune sand and dredged materials. 
pH 
6.7 
X-ray diffraction patterns for the fill materials (Figures 9.2 and 9.3) show that the dune sand 
is 92.3% quartz and 6.5% calcite with a small amount of halite, while the dredged soil type is 
84% quartz, 13% carbonates and 2% halite. Figure 9.4 shows that the salt material used in 
the test plots (ISS and IDS) is 98% halite. 
TDS 
/l)mfl) 
259,820 
The chloride and sulphate extracted from both soils before filling the plots is similar in both 
sands (see table 9.3) and the physical, chemical and mineralogical characteristics of both soils 
are similar. However, there is a higher carbonate content and fine fraction in soil type D. 
Such carbonates and fines as reported by French et al. (1982) , were expected to enhance the 
development of the salt and water profile in the soil column. 
Test Plot 
Designation 
I I N S ~  
The electrical conductivity of water extracted from normal and salty soils used in the test 
experiments (Is, Issl, Isz, ID, IDsl and ImZ) is 1440,4040,12420,1980,4560 and 13300 pS 
respectively. Variation of electrical conductivity among the till materials used in the test plots 
shows that the salt content increases from S, S1, to S2 with a ratio of 1: 3 : 9 and salt in soil 
types D, DS1 and DS2 varies with a ratio of 1: 2: 7. Such variation confirmed that the 
designed experiments will test the impact of salt cuntents on moisture rise mechanisms at 
sabkha conditions. 
K 
(mflfl) 
1,277 
C1 
(mg~l) 
11,6100 
Ca 
on@) 
2,359 
Mg 
(m@) 
5,367 
so4 
(rngA) 
6,258 
Na 
(mgA) 
56,660 
Table 9-3: A summary of the physical, chemical and mineralogical characteristics of 
soil materials used in the experiments. 
ResuIts present the soil properties under the laboratory conditions, 
............ ..... -~ . . . . . . . . . - .  
. . . . . .  
The grading curve in Figure 9.5 shows that the gravel used in the experiments is mainly ' 
- ;famed of sizes ranging from 10 to 15 rnm. These gravel fractions are mainly 
...... 
. .  . . . . . . . . . . . .  . . .  - .......... .. - -. . 
composed of siliceous limestone. The properties of the fabric material (Polytlet TS-500) 
used in the experiments as reported by the manufacturer (Chemie Linz in Austria) can be 
summarized as: Non woven polypropylene, 1.5 mm thick, 145 gr/m2 with 5*10" m/sec 
vertical permeability, and 10*lo5 m/s horizontal permeability under 2 kNlm2 pressure, the 
porosity is more than 85% and the equivalent opening size (EOS) is equal 0.12 mm. 
9.3 CLIMATIC ONDITIONS DURING THE EXPERIMENTAL PERIOD: 
A summary of the climatic conditions that prevailed in the test area during the experimental 
period were collected from the RCJY office for the nearest meteorological station. Air 
temperature records are illustrated in Figure 9.6 which shows that the average daily air 
temperature during the study period ranged tiom 18 to 34 "C. Sometimes the air temperature 
reached 50°C during the summer and droppd to 15°C during the winter months. Diurnal 



Figure 9.4: XRD pattern showing the mineralogical composition of salt that is 
mixed with fill materials in test plots (ISS and IDS). 
variations in air temperature during the summer time are given in Figure 9.7 which shows 
that the air temperature ranges from 300C to 4 2 W  during thc day timcs, and from 3U°C to 
2 5 O ~  during the night. 
Comparing the oscillation of diurnal climatic conditions (Figure 9.7) and water table changcs 
in the sabkha (Figure 9.8) shows that the diurnal water table tluctuation in Sabkhat A1 Fasl 
changes systematically and responds quickly to the diurnal changes in the air temperature, - 
relative humidity, and wind speed. 
Figure 9.7(c) shows that the diurnal variation in soil temperature of the fill materials varies 
between 30 and 430 C at 5 cm below the ground surface while the soil temperature below 100 
cm and 200 cm from the ground surface reaches 32 and 300 C respectively with little 
variation between the day and night. Monthly soil temperature variations of a site adjacent to 
the test station are also presented in Figure 9.9(a). The surface soil temperature at a depth of 5 
cm during the summer months varies from 22 to 3 6  C, while it decreases in the winter 
months to a low of 13°C. A typical soil profile in Figure 9.9@) shows that the soil 
temperature at 150 cm below the ground surface in reclaimed sabkha tends to converge 
during the year to between 20 and 32" C. According to Patterson (1972) and Brady (1990), 
moisture in the vapour state moves from the higher temperature zone to the lower 
temperature zone. Consequently it was expected that in the experiments, moisture will move 
towards the ground surface during winter months and downwards during the summer. 
Although the thermal gradient in the soil column affects the moisture movement in the 
vapour phase, it does not have a great influence on salt migration within the soil column. 
Relative humidity records (Figure 9.6) varied from 30% to 80% and showed a diurnal 
variation. Low values of relative humidity occur between 6 a.m. and 5 p.m. and relatively 
high values between 5 p.m. and 6 a.m. (Figure 9.7A). The surfaces of the test plots became 
wet in the morning during most of monitoring period. The condensation begins when the 
relative humidity reaches 60% (Geiger (1965)) which is the normal relative humidity. During 
the more humid months the ground will be covered with an appreciable amount of water 
during the night. It was observed that the amount of water was highest in the salty soils at test 
plots(1SS and IDS). The excess of absorbed water in the top surface retards evaporation tiom 
beneath the surfaces during the day until this absorbed water has evaporated. 
Wind speed over thc experimental site in the relevant period (Table 9.4) ranged from 1 f to 22 
km/h mainly from the N and NW. The predominantly monodirectional wind affects the 
evaporation rate and increases the rate of moisture movement upward. Diurnal variations in 
wind speed and shallow groundwater table changes in the test station (TS) are shown in 
Figure 9.7. This shows that the wind speed normally changes betwwn day and night. 
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Figure 9.7: Diurnal variations of air temperature, relative humidity and wind 
speed over the test station at Sabkhat A1 Fasl-Jubail, during a representative 
day (e.g. 15 August 1994), Jubail site. 


During the more windy period of the day the water table declines by 0.5 cm (see Figure 9.8). 
A subsequent rise in the water table appears during the night when calm prevails. Capricious 
wind speed variation during the relevant period along with the diurnal variations in wind 
speed had a striking effect on the moisture and salt migration phenomenon in the test station. 
Table 9-4: Wind regime prevailed over the test site during experimental period 
WS = Daily mean wind speed Orm/h) WD = Wind Direction (degree) 
WD 
Pan evaporation rates recorded in the test area as shown in Figure 9.10 ranged from 100 to 
250 mm/month during winter and reached 550 mdmonth in the summer. The pan 
evaporation rate at Jubail is among the highest rates in the world, and reaches about 3038 
mdyear. Several authors have discussed the relationship between the rate of pan 
evaporation, evaporation from the soil surface and depth to the water table (Chow 1964, 
White 1932, Pike, 1967 and Patterson 1972). They found that the rate of evaporation from 
the soil surface decreases with increasing depth to the water. Thus, Patterson 1972 concluded 
that the critical depth of water table that is needed to maintain the sabkha surface equilibrium 
by evaporation in the Gulf region ranges from 80 to 100 cm. Hence, in order to study and 
visualize the mechanisms of moisture and salt migration into the reclaimed soils under the 
prevailing ambient conditions within a reasonable time, the thickness of each test plot above 
the water table needs to be within a range of 120 25 cm. 
The amount of rainfall at the test station during the experimental period (August 93 to 
December 94) reached 75 mm (Figure 9.10). Major showers occurred in March 94, May 94 
and November 94. Figure 9.11 illustrates the relationship between the rainfall and water table I 
changes at the test station. It shows that the water table responded quickly after each heavy 
rainfall with a rise in water table of up to 14 cm in March 1994 after 50 mm of heavy rain. 
To avoid confusing the mechanism of moisture rise and salt migration from sabkha brine 
with infiltration, a number of excavations were carried out in April 1994 to assess whether the 
percolated water had connected with the rising water. The results indicatul that infiltration 
penetrated for 40 cm but did not connect with the water rising from the sabkha brine. The 
climatic conditions recorded during the experimental period indicatul that the cx~r imcnts  
HlNW WNW NE NW WMV S N ESE ESE NE N NW WNW 

were conducted during a period with sufficient heat and sufficiently strong winds for high 
rates of evaporation to occur and this coupled with mild humidity c n h a n d  thc potential for 
upward movement of moisture and associated dissolved salts. 
9.4 FLUCTUATION OF WATER TABLE AT TI1E TEST STATIONS: 
The depth to the water table from the top of each observation well installed at each test plot 
are listed in Table 9.5. The water table fell tiom August 1993 to March 1994 between 2 and 
4 cm, rose 14c,m or so in March and declined gradually through the following summer to 
the initial level of September 1993 (62 cm below the sabkha surface). Thus the water table 
was maintained in equilibrium with the sabkha surface because replenishment in winter 
months was evaporated in the summer months - confirming the observations made in the 
study of Sabkhat A1 Fasl which provided a basis for the evaluation of the rate of migration of 
moisture and salts into the fill materials. 
Table 9-5: Depth to water table from the surface of each test plot in cm during the 
experiment period (August 1993 to April 1994) Nsb = normal sabkha 
April 94 
July 94 
September 94 
104 
109 
117 
111 
117 
124 
98 
105 
111 
96 
101 
108 
112 
120 
126 
115 
121 
128' 
111 
118 
125 
101 
108 
115 
48 
55 
62 
9.5 MOISTURE RISEIN NORMAL AND SALTY SOILS: 
Following completion of the construction of the field test plots in August 1993 the ratcs of 
moisture movement above the water table were monitored using soil samples extracted from 
the test plots. Initially, it was believed that moisture and salt migration from sabkha brine 
into the fill materials would reach equilibrium after about 100 days (January 1994). Results 
from the successive samples showed the process to be still active and further sampling and - 
inspections of moisture rise continued until September 1994 (after 409 days). 
A series of profiles for each test plot has been cunstructed from the laboratory tests of 
moisture contents for September, October, November 1993 January 1994 and April 1994 
(after 45, 68, 100, 156, 250 and 409 days respectively) for soil types S (dune sand) and D 
(dredged). The profiles found in the normal soils at test plots (IS, ID) and saIty soils at test 
plots (ISS1, ISS2, IDS1, IDS2) are summarized below. 
9.5.1 Moisture rise in the normal soils (S and D): 
The moisture profiles (Figures 9.12 and 9.13) show that the moisture abundance in the soil 
profiles increases with time. To faciIitate discussion on the progress and rate of moisture 
movements, the soil profiles are divided into three zones. Zone I represents the lower wet 
parts (0-20 cm) of soil immediately on top of sabkha water. This soil has a high moisture 
content. The soil in the intermediate segment (20-60 cm) (Zone 11) c0ntains.a moderate 
amount of moisture. Zone I11 represents the upper dry zone ( above 60 cm) in which the soil 
is almost dry. 
The moisture profile established in dune sand (S) at IS is illustrated in Figure 9.12. The 
moisture at the midpoint of Zone I increases from 9.5%, to 14 % after 250 days while that 
developed in zone I1 changed from 0.9%, to 7.8 % during the same period. A negligible 
amount of moisture (less than 0.2%) was measured within Zone 111. A sharp increase in 
moisture content in this Zone (up to 2.5%) occurred in Zone 111 after rain in April 1994 (after 
250 days). 
The moisture profile in the dredged materials (D) at test plot (ID) is illustrated in Figure 9.13. 
Moisture in Zone I increased from 8.5%, to 14.5% during the test period to 250 days wnc I1 
changed from 0.5 to 8% during the same period. Less than 1% of moisture was hund in 
Zone 111 but again an increment of up to up to 3% was recorded in this zone after the rain in 
April 1994. 
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Figure 9.14: Typical moisture profiles development in dune sand (S) and 
dredged materials (D) at test plots (IS and ID) after 409 days of test 
(September 1994). 
A hrther inspection in September 1994 (after 409 days ) was carried out to check the 
maximum height of soil suction after almost one full year with the results illustrated in 
Figure 9.14. Consideration of the height of the developing capillary fringe shows that it 
developed continuously as a declining rate over the 409 days along with a slower increase 
in the height of the water tabIe. 
A summary of the mean moisture content developed within the specified three Zones I ,I1 
and I11 through the soil profile of both soil types S and ,D, until January 1994 (after 156 
days) are listed in Table 9.6 A. The results show that the moisture profiles progress in 
both soils S and D almost identically with some little variations in water content at each 
zone and height of capillary fringe. The observed lower values of water content can be 
attributed to the presence of excess shell and shell fragments that is characterised with low 
accessibility for water retention compared to the fine carbonate materials, (Fookes et a!. . 
(1985) and French et a!. (1982). The slightly higher value of capillarity observed in soil D 
compared to soil type S can be attributed to the high value of effective grain size (dm) in 
the soil type D (see Table 9.6 A and C). 
The moisture content in the soil profile of soil type S is summarized in Table 9.6 B and 
illustrated in Figure 9.15. The moisture profile is more or less established after the first 
sampling (45 days) and then rises slowly and is close to saturation after 250 days. 
Table 9.6 C gives the maximum height of the suction head of the capillary fringe in soils S 
and D and the two profiles are compared in Figure 9.16 The slight differences in soil 
suction head (capillary fringe) and rate of moisture movement between the two materials 
can be attributed to the high contents of fines and some traces of fine carbonate in the 
dredged materials (77 cm in 156 days) as opposed to the siliceous material found in the 
dune sand at 74 cm after 156 days. (see also French et al. (1982) and Fookes el al. 
(1985), Terzaghi and Peck (1967)). Field results, in Table 9.6 C show that the maximum 
height of capillary fringe in both soil types S and D after 409 reaches about 88 and 90 cm 
respectively. Hence, the average rate of moister movement in both soils under the field 
conditions in test beds is about 2.2 rnmlday. This range of capillary rise in both soil types 
recorded under the prevailing field conditions in Jubail area is higher than the rise expected 
for the same soils in laboratory experiments. Terzaghi and Peck (1967), Doering (1963), 
Polyfelt (1985); reported that the maximum height of moisture rise in fine soil under 
normal conditions is about 65k5 cm. 
In general, the following observations, from the field experiments, can also be made . 
Alternations in water table level were not matched by alternations in capillary 
tiinge which continued to rise steadily. 
Wet salt crust did not appear during the experiment period on or near the 
surface of test plots. 
Table 9.6: Moisture content and heights of capillary fringe in soil types (S and D) 
from 10 August 1993 to 22 September 1994 (409 days) 
(A): Moisture content distributed through Zones I, I1 and 11 in soil types (S and D) in 
January 1994 (after 156 days) 
(B): Progress of moisture content abundance in soil type S at different levels located 
above the water table during 250 days. 
(C): A Summary of capillary fringe rises in soil types (S and D) from 10 A u g ~ ~ s t  1993 to 
22 September 1994 (409 days) 
Soil type 
(s) 
' @ I  
Rate of movement 
(mmr&y) 
4.7 
4.9 
MC (%) 
Zone I 
13 
14 
MC (%) 
Zone 111 
0.2 
0.2 
MC (%) 
Zone11 
5.3 
5.0 
hc (cm) 
(156 days) 
74 
77 
hc (m) 
(250 &yr) 
Wet 
Period 
hc (m) 
(165 
74 
77 
Soil type 
(s) 
@) 
hc (m) 
(409 days) 
8 8 
90 
hc(cm) 
(68 &F) 
5 5 
59 
hc(m) 
(45 ~ Y S )  
5 0 
52 
~ a t o  fmovcmcnt 
(rnm/&y) 
2.15 
2.2 
ho (em) 
(100 AF) 
62 
66 
Figure 9.15: Rate of moisture progress at different levels of soil type (S) 
under the prevailing natural conditions in Jubail site during 250 
days of test (August 1993 to April 1994). 

The height of the capillary rise found in the MAJAS reclamation substantially 
exceeds that so far found in the test beds. The difference could be attributed to 
the development, such as use of irrigation water and water for compaction and 
reducing the evaporation from the sabkha surface by construction. 
9.5.2 Soil-moisture movement in salty soils (SS and DS): 
One of the main purposes of the experiment was to study the effect of salt contamination on 
the rate of moisture rise into reclaimed fine salty sandy soils (SS and DS). This detailed 
discussion is restricted to the results obtained from the salty sands (SS1 and SS2) at test plots 
( I ss  1s and 1 ~ ~ 2 ) -  
The results of moisture profiles established in the salty soils (SS1, SS2) as well as in normal 
dune sand (S) are illustrated in Figures 9.17 and 9.18 and listed in Table 9.7. The same depth 
zones recognised for the non-salty soils are used here zone I (20 cm above the water table), 
zone I1 (20 - 60 cm) and zone I11 (>60 cm). 
It is clear that the moisture content in the normal soils is greater than that in the equivalent 
interval in the salty soils. A small variation occurs in the amount of water distributed within 
the pores of the salty soils (SS1 and SS2). These observations suggest that the presencc of 
the halite disseminated between the soil particles in soils act as a buffer to the moisture 
movement. On the other hand salty soils absorbed a substantial amount of moisture in the top 
zone during humid days and this probably retards soil moisture movement in these soils. 
Figure 9.19 shows that after 409 days additional moisture rise had occurred in both soils (SS1 
and SS2) and had reached 80 and 70 cm respectively. The data also show that with 
increasing salt content in the soil the moisture rise decreases. The rate of rise of the capillary 
fringe during the experimental period is summarized in Table 9.8 which shows that the fringe 
in soil type (SS2) is about 20 cm lower where 10% salt is present than in the salt-tiee soil (S). 
The buffering effect of the salt is attributed to the requirement for the Na+ ions to become 
solvated. The attraction of the water molecules to the sodium must produw a potential 
retarding moisture rise. There are also other forces that come into play. The density of salt 
water is clearly much higher than that of pure water so that the downward gravitational force 
is increased as additional salt is dissolved. This is to some extent mitigated by the change in 
surface tension induced by the increases in salt concentration. Richards (1961) refers to lhc 
suction due to salt as solute suction. He showed how this suction may be scparata out, by 
measurement, from the total soil suction that is equal to the matric suction in the non-sally 
Moisture content (wt %) 
Figure 9.17: Moisture profiles developed in salty soil (SSI) at test bed (ISSI) 
during the experimenal period (250 days). 
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Figure 9.18: Moisture profiles developed in salty soil (SS2) at test bed (ISS2) 
during the experimental period (250 days). 
soils. The difference between the total suction and the solute suction in the salty soils would 
be equal to the observed capillary fringe. Agronomist and agricultural engineers noticed that 
in salt-contaminated soils, plants cannot pull as much water 'from soils with large salt content 
as they can from soils with smaller salt content due to the solute effects. Fox (1957), Brady 
(1990), and Babcock and Overstreet (1957), also reported that capillary rise would be reduced 
by the presence of soluble saIts. 
Table 9-7: A summary of moisture migrated and stored in the salty soil (SS1 and SS2) 
and non salty soil (S). 
Table 9-8: Moisture content, heights of capillary fringe and rate of movement in soil 
types '(S, SS1 and SS2) during the experimental period (409 days). 
SS2 
5.0 
6.0 
8.5 
10 
12.0 
0.2 
0.2 
0.5 
1.0 
1.5 
<0.5 
<0.5 
~0.5 
1 
2 
SSl 
7.0 
9.5 
10.5 
11.5 
13.4 
< 1 
1.5 
2 
3 
8 
c0.5 
e0.5 
<0.5 
<0.5 
1.5 
S 
9.5 
11 
12 
13 
15 
0.9 
1.5 
2.0 
5.3 
10 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
2.5 
Zones 
Zone I 
Zone I1 
Zone I11 
Time (days) 
45 
68 
100 
156 
250 
45 
68 
. > 
100 
156 
250 
45 
68 ', 
100 
156 
250 
For comparison, Figures 521 and 9 2 2  show the progress of moisture movement in the sally 
dredged materials (DSl and DS2). As seen the moisture moved upward during the 
experimental period between September 1993 and April 1994 with the same trend and almost 
the same magnitude of the dune salty soils (SS1 and SS). The maximum height of risc in 
DS1 and DS2 reached 45 and 50 cm above the water table at January 1994. Hencc, rate of 
moisture rise in the salty dredged materials is also decreased by increasing the salt content 
from D, through DS1 to DS2. 
9.6 SALT MIGRATION INTO THE FILL MATERIALS: 
Changes in the halite distribution in dune sand (S) and dredged materials (D) placed on top of 
the sabkha brine at test plots IS and ID respectively was taken to be a measure of the amount 
of salt migration from the sabkha brine. The halite concentration was calculated from the ~ a '  
concentration extracted in water from the soil samples Typical profiles of halite 
concentration obtained from the October 1993, January 1994 and September 1994 sampling 
periods (after 68, 156 and 409 days) for both soil type S and D are presented in Figures 9.23 
to 9.26. 
9.6.1 Salt migration into dune sand (S) 
samples taken in October 1993 (68 days) indicate that a substantial amount of salt has 
migrated along with the water from the sabkha brine. The NaCl was found to have reached a 
level of 60 cm above the existing water table after the 68 days. The amount of salt 
accumulated in the soil profile decreases upwards towards the surface of each plot. 'Ihe NaCl 
concentration within the lower zone (0-20 cm) immediately on top of sabkha brine ranges 
from 1 to 2.7%, and decreases upward in a regular pattern to reach about 1% within the 
s w n d  zone (20-60 cm). Figure 9.23 shows the salt content in the upper zone (more than 60 
crn) of the dune sand (S) did not change from the initial concentration except for a small 
increase immediately at the ground surface. The height of salt rise in the dune sand of 55 to 
60 cm above the water table matches closely the upper limit of the capillary fringe observed 
after the same time. 
Sampling after 156 days shows that salt accumulated within the soil column above the sabkha 
brine had increased and moved upward to maximum level of 80 cm above the water table. 
The salt content in Zone I reached 3%. and in the intermediate wne (20 - 60 cm) varics from 
1.5 to 3 %. Some salt (ranging from 0.1 to 0.5%) occurred in the zone that extends from 60 b 
75 cm but the uppermost zone of test plot IS, more than 80 cm liom thc watcr tiablc, was not 
contaminated. 
Moisture content (wt %) 
Figure 9.19: Typical moisture profiles developed in normal and salty-sandy 
soil types (S, SS1 and SS2) at test plots IS, ISSl and ISS2 after 409 days 
of test (September 1994). 
Elapsed time (day) 
Figure 9.20: Capillary fringe movement in normal sandy (S) and salty-sandy soils 
(SS1 and SS2) at test plots (IS, ISSl and ISS2) during 409 days of test 
(August 93 to September 94). 
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Figure 9.22: Moisture profiles developed in the salty dredged materials (DS2) 
during the experimental period between August 1993 and April 1994. 
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Figure 9.23: Salt migration through the dune sand fill material (S) placed on 
top of sabkha water table at test plot (IS). 
9.6.2 Salt migration into dredged materials @) 
The general trend of salt profile distributed in soil type D (Figure 9.24) at each period shows 
an almost identical pattern of salt migration as soil type S. Results show that the salt content 
distributed through the soil profile type D ranges from 2.0 to 0.1 C/o and approaches to the 
maximum height at 59 cm in October 1993 after 68 days. Salt increased with time and as 
seen in Figure 9.24 that the maximum height of salt migration reached 80 cm from the water - 
table in January 1994. Clearly the level of salt rise matches the rise in the capillary front. 
Table 9.9 summarizes the salt accumulation at different levels in test plots IS and ID after 156 
days. 'Ibe data for the two soils are very similar. It was expected, as reported by French et 
aL (1982), that a relative higher salt level would have accumulated in soil type (D) compared 
to the siliceous soil type (S) because of the carbonate level. The observed effect could relate 
to the carbonate type which is in small fragments of shells rather than microporous 
carbonates that would enhance the salt development and accumulation (French el al. (1982) 
and Fookes et aL (1985). 
Table 9-9: Salt accumulation through the soil profiles and rate of salt movement during 
the period of 156 days 
Figure 9.25 shows the salt profile accumulated in the soil beds after 409 days. A notable 
increase of halite concentration is recurded compared with that of January 1994. The salt 
concentration in the lower zone ranges between 2.5 % and 3 % in soil type S and D 
respectively. The maximum height of salt migration reached 88 and 80 cm from the water 
table in test plot Is and ID (after 409 days). On the other hand, the field inspection and 
laboratory testing revealed that the expected salt crust had not yet developed on the top of 
each test plot surface so that the moisture rise and associated dissolved salts tended to 
equilibrium without a salt crust being created on the surface. 
However, it is necessary to consider whether changes in salt concentration have occurred in 
the water of the capillary fringe. Table 9.10 lists the moisture, salt and the ratio of salt to 
Upper zone 
(60-80 cm) 
0.1-0.6 % 
0.1-0.7% 
Middle zone 
(20-60 cm) 
0.6-2.6 % 
0.7-2.5 
Soil Type 
Dune sand (S) 
Dredged soil (D) 
- 
Lower zone 
(0-20 cm) 
2.6 - 3.2% 
2.5-3% 
( m ~ )  a m p s  punodl mog wdaa 2 s 
bl) 

Table 9-10: Moisture content, salt content and ratio of salt to water throagh the soil 
profrle at test plots IS and ID in January 1994 (after 156 days). 
(1)  So11 sample interval (cm), (2) Height above the Water Table in January 1994, ( 3 )  Moisture conrent by 
weight ('%).(4) NaCl calculated tiom Na concentration, and presented as  wt %I ot'dry sample. 
Tes t  Plot 
Designation 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
- IS 
IS 
Sabkha 
ID 
ID 
ID 
ID 
ID 
ID 
ID 
ID 
ID 
ID 
~ e ~ t h '  
(cm) 
surface 
0-10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90- 100 
90- 100 
100-1 10 
110-120 
120-130 
surface 
0-10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
Midpoint 
(cm) 
0 
5 
15 
25 
3 5 
45 
55 
65 
75 
85 
95 
105 
115 
125 
135 
0 
5 
15 
25 
3 5 
45 
55 
65 
75 
85 
H ( ~ w T ) '  
(cm) 
119 
114 
104 
94 
84 
74 
64 
54 
44 
3 4 
24 
14 
4 
-6 _ 
- 16 
114 
109 
99 
89 
79 
69 
59 
49 
3 9 
29 
M C ~  
(wt C/o) 
0.04 
0.11 
0.14 
0.13 
0.14 
1.17 
2.00 
3.31 
5.83 
8.41 
12.46 
12.83 
13.70 
. 15.05 
13.66 
0.14 
0.15 
0.13 
0.13 
0.10 
0.87 
1.62 
2.50 
3.88 
6.25 
~ a c 1 ~  
(wt %) 
0.037 
0.026 
0.038 
0.023 
0.027 
0.320 
0.338 
0.826 
1.301 
1.847 
2.630 
2.734 
3.181 
. 3.214 
2.838 
0.07 1 
0.043 
0.065 
0.039 
0.030 
0.177 
0.427 
0.648 
0.973 
1.314 
Ratio of 
NaCIIMC 
0.96 
0.24 
0.27 
0.18 
0.19 
0.27 
0.17 
0.25 
0.22 
0.22 
0.21 
0.21 
0.23 
0.21 
0.21 
0.52 
0.29 
0.51 - 
0.3 1 
0.29 - 
0.20 
0.26 
- 
0.26 
0.25 
0.21 
Table 9-11: Moisture content, salt content and ratio of salt to water through the soil 
profile a t  test plots IS and ID in September 1994 (after 409 days). 
(1) Soil sample interval (cm), (2) Height above the Water Table in January 1994, .(3) Moisture content by 
weight (%).(4) NaCl calculated from Na concentration, and presented as wt % of dry sample 
water in the soil column placed above the sabkha brine in test plots IS and ID. As seen the 
ratio of salt to water in the sabkha beneath the fill material in the test beds is about 0.19 to 
0.20, i.e. the concentration of sodium chloride is 190 to 200 g/l. The ratio in the capillary 
fringe is also mostly 0.20 to 0.21 so that virtualIy no enrichment in concentration has 
occurred. Some ratios reach 0.27 but the mean is only slightly enhanced above the sabkha 
level and clearly includes the traces of salt contaminating the fill material. These figures 
relate to 156 days after the placement of the fill and hence show that at that time the amount 
of evaporation that has taken place of the sabkha water was negligible. Consideration of the 
composition (NaCVmoisture content) after 409 days listed in Table 9.11 shows that the salt 
content had still not increased relative to the moisture content. The saline water must have 
arisen purely by capillary suction without thermal pumping and evaporation. Thcrc is a 
higher ratio of salt to water at the surface but the amount of salt is very small and could have 
been due to contamination. 
9.7 PERFORMANCE OF THE CAPILLARY BREAK SYSTEMS: 
Recently, several attempts were made in the Gulf region to prevent problems caused by 
moisture and salt rise by introducing an impermeable layer, a gravel mat, or a geotextile 
beneath the structures. Detailed specifications for applying these measures to cut off the 
capillary rise were given by several authors (Clough and French (1982), French et a!. (1982), 
Gamski and Rigo (1982), Koerner (1990)). The authors experience is that a number of 
preventive measures placed in several reclaimed sabkha sites in the Eastern Province of Saudi 
Arabia are not functioning well. Preliminary field investigations indicate that deficiencies of 
drainage in the capillary break systems placed in these situations can be attributed to several 
causes. These include inappropriate choice of materials, misplacement in the design, poor 
design, and misunderstanding of the inter-relationship of sabkha dynamics and the elements 
of capillary break systems. 
Several authors (Gamski and Rigo (1982), French et aL (1982), Clough and French (1982), 
Dembicki and Nerespondzinska (1986)) discuss the mechanisms of gravel layers and 
geotextiles as drainage elements. They have pointed out that the high horizontal permeability 
of the gravel layer and/or geotextile plane compared to their vertical permeability with respect 
to rising groundwater could be used to enhance the horizontal drainage of water along the 
plane. The gravel layer or geotextiles are capable of collecting moisture and dissolved salts 
moved upward by capillarity and discharging them horizontally or by evaporation. 
Geotextiles repel water and show no wicking action across the plane of the fabric itself, but 
once the geotextiles are completely saturated, the draining function will be affected and a 
continuous flow of water will be maintained throughout the fabric planes. Despite this the 
hydrophobic and non-clogging characteristics of geotextile materials could work as a long 
term, high efficiency capillary break system comparable with the impermeable membrane or 
crushed aggregate systems. French et al. (1982) through comprehensive laboratory 
experiments concluded that the efficiency of application of gravel materials as capillary break 
systems in a desert environment is affected by the development of clogging of the voids in 
the aggregate due to soil percolation from the top sand layer and disintegrated materials 
produced from the chemical reaction with the saline water. The current research has 
attempted to build a thorough understanding of the performance of capillary break systems in 
cutting off the moisture and associated dissolved salts migration from the hypersaline sabkha 
water in the field where conditions can be more realistic than those obtainable in the 
laboratory. 
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Four test plots (IIIG1, IIIG2, 111x1 and 111x2) were constructed in the test site to study and 
quantify the performance of capillary break systems placed in different positions with respect 
to the water table (%able 9.12). 
Table 9-12: Summary of the type and location of capillary break systems (CBS) 
The moisture content and halite distribution in the dune sand above and below the capillary 
break systems in the test plots are used to indicate the efficiency of the suggested designs in 
restricting the moisture and salt migration under the field conditions. Moisture contents were 
measured from soil samples extracted from the test plots in September 1993 (after 45 days), 
October 1993 (after 68 days), January 1994 (after 156 days), April 1994(250 days) and 
September 1994 (409 days). Halite accumulations into the soil profiles above and below the 
gravel layers (GI and G2) were measured after 68, 156 and 409 days. 
9.7.1 Gravel Capillary Break System (G): 
Typical profiles of moisture contents distributed through the soil profile obtained after 45,68, 
156,250and 409 days) for the two gravel break system experiments are presented in Figures 
9.26 &d 9.27. Monitoring of the water table during the period indicates that the water table 
change under both test plots is negligible (about 3 cm) during the dry period between August 
1993 and March 1994, but a marked rise in water table (about 14 cm) occurred after March. 
Subsequently the water table declined to the original level in September 1994. Since the water 
table changes and infiltration of rain have a significant impact on the moisture and salt 
changes the results were calculated: and discussed with respect to the water table positions. 
- L  .-.. ~. - .  
The results from each test plot are presented in three parts according to the position of water 
table. 
Depth to water 
table from surface 
(cm) 
126 
126 
126 
114 
Height of base 
above water table 
(cm) 
30 
77 
30 
76 
Test Plot 
Designation 
IIIGl 
II1G2 
111x1 
111x2 
Soil type used in 
the experiments 
Dune sand 
Dune sand 
Dune sand 
Dune sand 
Type of 
CBS 
G1 
G2 
FGFl 
FGF2 
Thicknes 
s of CBS 
(cm) 
10 
10 
10 
10 
(i) Gravel BreakSjs-fem GI  at test plot I I IGI :  
Figure 9.26 illustrates the moisture content within the soil samples obtained fiom the 
experimental capillary break system (CBS) at the test plot (IIIG1) before the heavy rains. It 
shows the moisture content within the profile above and below the gravel layer, which is 
placed at 30 an above the water table. 'The moisture content shows a progressive rise but at 
each sampling time shows a step down in the gavel layer and rise above the gravel layer. In - 
April 1994 there is evidence of surface infiltration into the test plot of up to 40 cm but this 
does not connect with the water rising from the sabkha. During this period, it was found that 
the moisture level rose upward and crossed the capillary break system. The maximum height 
of the capillary fringe at IlIGl reached 68 cm after 250 days.. Hence by this stage the break 
had become ineffective though the uppermost 40 cm of soil remained dry. Indeed the low 
salt and moisture level in the gravel layer could simply reflect the low capillarity within this 
layer. 
Comparison of moisture profiles developed in the normal soil profiles at test plot (IS) and in 
the soil profile in the presence of gravel layer at 30 - 40 cm above the water table (IIIGI) 
shows clearly in Figure 9.27 that the amount of moisture moved upward and accumulated in 
the soil profiles in both experiments is very similar but the maximum height of soil suction 
was lower in the presence of the gravel layer and reached about 85 instead of 100 cm above 
the constant water table (128 cm) for the systems with and without a break respectively after 
409 days. The e f f d  of the gravel is essentially to reduce the overall capillary suction 
pressure. Figure 9 . 2  illustrates the salt accumulation within the soil profiles that were 
obtained from the experiment using the gravel capillary break system at the test plot (IIIGl) 
after (68, and 156 days) which shows that the amount of salt accumulated above the break 
was small. Figure 9.29 however shows that salt migration in the soil profile at (IIIG1) after 
409 days had passed through the gravel layer and reached 85 an fiom the existing water 
table. Soil samples collected from the soil column above the gravel layer showed a great 
variability in salt ancentration though the soils in the upper zone (100-128 cm from the 
water table) were still dry, loose and the salt content was not changed from the initial value 
(0.03%). 'Ihe small changes in the height of the capillary rise and salt content effected by the 
break suggests that the overall movements are regulated by the capillary suction and that 
evaporation has played little or no part in the transference of salt or moisture. This is contrary 
to the fmding of Hsu and Schneider (1973). 
m e  location of the capillary break system (G) within the capillary zone is clearly not 
adequate as had been shown by French et al. (1982), Fookes and French (19771% who 
comment that placing (G) within the capillary zone so that is coincides with their Zone D has 
no effect in prwenting the moisture rise. 
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Figure 9.26: Moisture profile development in sandy soil (S) in the presence 
of capillary break system (GI) at test plot IIIGl during 250 days of test 
(August 1993 and April 1994). 
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Figure 9.28: Salt accumulation through the soil profile hosting a capillary 
break system (GI) at test plot IIIGl after 68 and 156 days of test. 
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Figure 9.29: Salt accumulation in sandy soil hosting a capillary break system 
(GI) at test plot IIIGl compared with salt accumulation in the sandy soil (S) 
test plot IS after 409 days of test (September 1994). 
The appearance of the gravel-sandy mat (GI) during the excavation and sampling suggests 
that crushed aggregate is not an adequate material for use as a capillary break bccausc of the 
contamination and clogging of the layer with the dry fine-grain4 sand that can migrate into 
the gravel layer and possibly because of transference on the surfaces of the aggrcgatc 
fragments. The layer requires more careful design to prevent transference of fines from the 
sediments. 
(ig Gravel Break System G2 at test plot IIIG2: 
The data collected from this experiment after 45, 68, 100, and 156 days (Figures 8.30 and 
8.31) and before the heavy rains shows that the moisture during this period is distributd 
gradually through the soil profile above the water table. 'Ihe moisture content in the soil 
profile generally can be divided into two distinct zones, a dry zone that extends between the 
ground surface and a depth of 80 cm, in which the moisture content remains less than 0.2%. 
and a wet zone, that extends from 80 cm to the existing water table encountered at about 130 
cm from the surface. The moisture content varies from 0.2 to 15%. The moisture content 
within the gravel layer (G2) during this period from September 1993 to January 1994, was 
dry (less than 0.2%). Figure 9.30 shows the maximum height of soil suction reached was up 
to 43 cm from the water table. 
Figure 9.30 shows that the moisture content within the soil profile established in April 1994 
(after 250 days) after heavy rain increased gradually below the gravel layer due to the upward 
movement of moisture during this period. A moisture profile was established with a 
minimum level at a depth of about 70 cm ranging to near saturation just above the water table 
at about 130 cm. Above this minimum a second maximum moisture content was developcci 
by infiltration at a depth of about 60 cm just above and across the gravel layer. At this timc 
the gravel showed no influence on the moisture profiles. 
Figure 9.31 show the moisture content measured tiom the soil samples collected from (IIIG2) 
in September 1994 (after 409 days) and after the water table reached its original value in 
September 1993 (see Figure 9.11). This shows the moisture content was distributed 
systematically through the soil profile crossing the gravel layer and extending from the 
surface to the water table. However, the moisture content in the gravel and the soil profile 
placed above was less than 1%. This moisture profile shows that the amount of rain walcr 
that had infiltrated within the wne between O and 60 cm depth including thc gravel laycr ha.. 
been evaporated during the summer months. 
Figure 9.32 illustrates the salt accumulation within the soil profiles obtaind from thc t a t  plot 
IIIG2 after 68 days. It appears that the soil samples from the surfacc to a depth of 80 cm 
were still loose and dry and the salt content within this zone was not changed tiom thc 
original fraction (about 0.03%). On the other hand, a notable increase of salt concentration 
compared to the initial value was detected within the soil profilc from the bottom of t a t  plot 
to a depth of 80 cm and salt migration of sabkha brine reached up to 45 cm abovc thc water 
table after 68 days and the salt concentration of this zone ranged from 0.03 to 1.5%. 
Figure 9.33 presents the salt movement within the soil profile of test plot (IIIG2) a k r  409 
days. A considerable increase of salt was observed through the profile. Soil collectd tiom 
the test plot after 409 days shows that the salt accumulation within this zone ranged from 0.03 
to 3.5% and had risen by some 85 cm. 
Comparing this salt profile with that of the control (IS), as shown in Figure 9.33, indicates 
that the form of the profile is little changed except for some reduction in height reached by 
the salt where the gravel was included and the amount of salt rising was reduced by the gravel 
layer. ?he maximum height of salt reached was 85 and 100 cm above the water table after 
409 days at IIIG2 and Is respectively. Again therefore the gravel did not prevent salt rise but 
simply reduced the height reached in the time available. This is interpreted to mean that thc 
effective soil system making the capillary bed requires continuity and that the effective 
suction pressure is influenced by the thickness of soil above each level. 
This experiment reveals that the location of the capillary break system (G) within the 
intermittent moisture zone (70-90 cm above the water table) does not retain infiltrating 
rainwater. Values of NaCl presented in Figure 9.33 show that after 409 days the u p p r  few 
centimetres show a small possible rise in salt content. This is regarded as representing salt 
accumulated through the infiltration and derived from the surface. It remains as the infiltrated 
moisture is evaporated from the surface. 
9.7.2 Fabric Gravel Fabric Capillary Break System (FGF): 
(i) Fabric-Gravel Fabric Capillary Break System XI at test plot IIIXl: 
Moisture distribution through the soil profile above and below the capillary brcak systcm 
(XI) after 45, 68, 100, 156 and 250 days are presented in Figurc 9.34. 'Ihc moislurc 
developed at the test plot (111x1) before the rainfall (from Scptcmbcr 1993 to January 1994) 
is distributed smoothly and regularly through the entire soil profilc. 'Ihc moislurc content 
aaumulated below this CBS incrcasccl lrom 4% in Scpternber 1993 (after 45 days) lo 8% ul 

Figure 9.31: Moisture profile development in the sandy soil with the presence 
of a capillary break system (G2) at test plot IIIG2 and in normal sand (S) at a 
control test plot IS after 409 days of test (September 1994). 
Moistre content (wt %) 
0 2 4 6 8 10 12 14 16 
I 
IS 
- 
* 140 - I I 
IIIG2 
--A- - 
I 
I 
I I I I I I Q\ I 
s - 1) 
NaCl Content (wt % of dry soil) 
5 
6 
100 
120 a 
Id0 
Figure 9.32: Effect of capillary break system (G2) on salt migration from the 
sabkha brine at test plot IIIG2 after 68 days. 
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Figure 9.33: Salt migration into sandy soil in the presence of a capillary break 
system (G2) and in the normal dune sand (S) at a control test plot IS after 409 
days of test (September 1994). 
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Figure 9.34: Moisture profile development in sandy soil in the presence of 
a capillary break system (XI) at test plot 111x1 during 250 days of test 
(August 1993 and April 1994). 
January (after 156 days). The moisture content within the CBS itself (XI) also incrcascd 
during the same period from 3 to 5%. A distinct increase in moisturc content was also hund 
in the 5 cm above the CBS-X1 where the moisture content increased from 1.5 to 4% during 
the dry period. The maximum height of capillary fringe during this pcriod (156 clays) 
reached up to 45 cm from the existing water table that was encountered at 125 cm from thc 
ground surface. 
Comparing the progress of moisture rise at the test plot 111x1 (Figure 9.34) with that at 
control test plot (IS) constructed without a CBS (Figure 9.13). It was found that during thc 
dry period (September 1993 to January 1994) the movement of the saline tluid into the soil 
profiles at both test plots 111x1 and IS reached 55 and 75 cm respectively after 165 days. 
This shows that the moisture had passed through the CBS in X1 early in the experimcnts 
though a delay in capillary movement occurs in 111x1 compared to the rate in IS. This dclay 
in the saline fluid movement in 111x1 is attributed to the effect of the physical characteristics 
of the CBS. 
The high moisture content and the irregularity of the moisture profile distributed through the 
segment placed above the CBS as well as the field inspection indicated that the rainfall during 
this period did not connect with the saline fluid that migrated from the underlying sabkha 
brine though it substantially increased the water content just above the break. For moisture 
distribution in April 1994 the monitoring indicates clearly that the saline fluid moved upward 
and passed through the capillary break system within the capillary fringe zone and reachcd 75 
cm from the water table. The CBS (XI) placed within the anticipated capillary wne  was 
clearly ineffective. 
The moisture distribution in the soil profile in (111x1) after 409 days is presented in Figure 
9.35. This shows that the moisture profiles are different but that the break had no effect in 
controlling the moisture concentration but that the height of capillary fringe after 409 days 
has reached 88 m above the water table compared with 100 cm reached in the control test 
plot (IS) without the capillary break. A noticeably lower rate of saline tluid movement in 
111x1 compared to the movement in IS can be attributed to the presence of (FGF systcm) 
which delays the upward movement but does not stop it. The salt distribution through the 
soil profile at test plot 111x1 in early October 1993 (after 68 days) are present4 in Figure 
9.36 and after 409 days in Figure 9.37. Clearly saline tluid had migrated upward and pass& 
the CBS-XI. Soil collected from the wne  below the CBS showed an incrcasc of salt up lo 
1.2 % and it was also found that salt had reached the top of the capillary Liingc. 
(ii) Fabric Gravel Fabric Break System X2 at test pht 111x2: 
Figures 9.38 and 9.39 show data collected from the experiment aftcr 45,61(, 100 and 165 days 
and before the heavy rain and after 409 days. This shows that the moisturc content wrly in 
this period is distributed gradually through the soil profilc above the watcr table and bcncath 
the break. Two distinct zones are found - effectively dry soil above the dcpth of 80 cm from 
the surface and wet soil from 80 to 130 cm above the water tablc. 
Figure 9.38 shows that the moisture content within the soil profile established in April 1994 
(after 250 days) after heavy rain increases gradually below the CBS-X2 due to the upward 
movement of moisture. During this period the capillary fringe moved to a height of 53 cm 
but it is still below the CBS though there is an increase in moisture above the fabric from 
rainfall. At this stage it appears that the break has little to do. Figure 9.39 gives the moisture 
content measured from the soil samples collected from (111x2) in September 1994 (after 409 
days). It shows that the entire moisture profile at 111x2 is distributed smoothly through the 
soil column above the water table and crosses the CBS but the rise in moisture and salt is 
substantially reduced from that of the control. The moisture content below and above thc 
CBS reached about 1%, and the maximum height of the capillary fringc was established in 
this system to be about 88 cm. 
Figure 9.40 illustrates the salt accumulation within the soil profiles that are obtained from the 
experiment with the capillary break system after 68 days. Figure 9.41 shows the 
corresponding salt concentration within the soil profile after 409 days. This shows that the 
salt concentration with respect to the soil is much r e d u d  relative to the control and that the 
minimum is close to the capillary break. Salt rises above the break towards the ground 
surface and this is regarded as due to infiltration carrying salt down from the surface. 
The results shows that the location of the capillary break system (X2) within the intermittent 
moisture zone (70-90 cm above the wdter table) tends to retain infiltration an3 shows some 
effect in breaking the moisture and salt rise phenomenon and lowering the moisture and salt 
contents to some extent above the installed CBS. Based on the results obtained from these 
field experiments, the qualitative classification of hazardous wnes in thc coastal arid region 
developed by Fookes and French (1977) could be modified as shown in Table 9.13 
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Table 9-13: Summary of a modified location and type of capMary break system (CIS) 
for the coastal parts of the arid region (modified after Foc~kes and French 1977) 
Remarks 
Always saturatul 
It  is locatd within 
the seasonal water 
table change limit 
If it  is p l a d  above 
75 cm from the 
watcr table 
Zone as defined by Fookes & 
French (1977) 
Zone A & B 
(Saturation zone below water level) 
Zone C 
(Intermittent saturation wne) 
Zone D 
(Capillary fringe) 
Zone E 
(Intermittent moisture by rain and dew) 
Depth 
(cm) 
0.0 
0.0 to 30 
30 to 88 
above 88 
Applicability 
of CBS 
Not 
Applicable 
Not 
Applicable 
Applicable 
Not needed 
Figure 9.35: Moisture profile in sandy soil hosting a capillary break system 
(XI) at test plot 111x1 and normal sand (S) at the control test plot IS 
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Figure 9.37: Salt migration in sandy soil in presence of a capillary break 
system (XI) at test plot 111x1 and in normal sand (S) at the 
control test plot IS after 409 days of test (September 1994). 
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Figure 9.38: Moisture profile development in sandy soil hosting a capillary 
break system (X2) at test plot 111x2 during 250 days of test 
(August 1993 to April 1994). 
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Figure 9.41: Salt migration in sand in the presence of a capillary break 
system (X2) at test plot 111x2 and in normal sand (S) at control 
test plot plot IS after 409 days of test (September). 
CHAPTER 10 
10. DISCUSSION AND CONCLUSIONS 
10.1 INTRODUCTION: 
A reconnaissance study has been made of the sabkhas of the Eastern Province of Saudi 
Arabia which represents an area of more than some 200 x 500 kilometres. From this study 
representative sabkhas have been selected and studied in some detail. A much more detailed 
investigation has been carried out on the broad sabkha which has been substantially reclaimed 
- Sabkhat Al Fasl. Each salt-rich deposit has something unique about it. These are epitomised 
as follows. 
Sabkhat As Sarrar is well above sea level and far removed from the sea. It is 
surrounded by calcareous and gypsum-bearing deposits and its evaporites are 
gypsum-rich. Its brine is of low salt content and has especially low bromide. 
Sabkhat Abu Al Hamam provides a source of copious domestic salt. It has a 
very high Mg content, but the evaporite layers are mainly halite. Its brine is 
close to saturation in NaCI, but has very high sulphate, magnesium, 
potassium, and bromide. 
. . 
Sabkhat Jeb Awiyad has what appears to be a diapiric halite layer. I t  lies 
between sand dunes and has surface evaporites of halite. Its brinc is densc 
and characterised by high Mg and very low bromide. 
Sabkhas in Half Moon Bay are largely c o m p s d  of quartz sand and halitc 
evaporite with scattered gypsum crystals occurring in the uppcr 30 
centimetres or so. They are also characterised by high A1203, presumably 
from clay minerals. The brine varies from mc>dcrate to high density and has 
characteristically marine Br/CI ratios. 
Sabkhat Ar Riyyas has been recently reclaimed in part, but was li~rrncrly 
ihoded after heavy rain. Carbonates enter the sabkha from thc environment 
and clay is also fairly abundant. The evaporites are halite and the brinc is 
characteristically dense marine water with exceptionally high Mg. 
Sabkhat As Summ has a vegetation belt, tloods in winter, contains a good 
deal of carbonate and clay, and has mainly halite as the evaporite phase, 
though gypsum occurs in the upper 20 centimetres or so. Its brine has a low 
Br/Cl ratio, but otherwise has the composition of a typical, moderately dense, 
marine water. 
Sabkhat A1 Buda, an inland sabkha with high surroundings, is influenced by 
lateral groundwater seepage, believed to relate to the UER Aquifer, It has 
layers rich in gypsum crystals. Its brine is moderately dense, and 
characterised by a low Br/C1 ratio and moderately high K/Elr ratio. 
. Sabkhat Al Fasl is large and of mixed types, with its brine Br/C1 varies from 
low values in the inland parts (0.3) to higher values in the marine parts: 
(2.4). BdCl at this sabkha shows some ranging up to close to marine 
values. Conversely K/Br is low and corresponds with a marine range. 
________ .- ____.-----.. 2 --- -.... . . ... . .- -- --- . . 
The results of this work and particularly the detailed study of Sabkhat A1 Fasl and the test bed 
experiments can be summarized as follows. 
(i) ' The water table has risen in the reclaimed areas of Sabkhat A1 Fasl and with it 
the capillary fringe has risen well up into the fill. 
(ii) There has been obvious damage to constructions and cultivation in the areas 
of fill. The applied thickness of fill does not appear to have been sufficient lo 
prevent salt damage. 
(iii) The initial rise of water in placed fill reflects mainly water used in placement, 
construction, and irrigation. There is however a longer-term rise in watcr 
table which relates to the capillarity of the fill materials and the thickness of 
fill. 
(iv) No evidence has b&n found for the rise of artesian water into the fill and dc- 
watered dunes have not recovered their original watcr Icvels. 
(v) A series of test beds were constructed in Sabkhat A1 Fasl and these showd 
that sabkha brines will rise into fill and reach tens of centimetres above the 
normal water table level. This leads to some discussion of the systcms 
required to minimise salt rise in fill added for engineering purposes. 
(vi) The water rises in fill without changing its composition from that of the 
original groundwater in the sabkha unless alternative sources are employed 
such as water for irrigation and construction i.e. it becomes less dense. 
(vii) Where the fill contains salt the rise in water level is less than found in salt free 
fill. 
(viii) It is difficult to construct effective capillary breaks within the fill or sabkha to 
prevent salt rise. However, the presence of such a break tends to reduce the 
matric potential of the soil and also reduces the rate at which water rises into 
the soil. Once breached however, the capillary breaks become ineffective and 
salt water rises into the overlying fill. 
(ix) Infiltration was observed in the test beds and it was shown that this did not 
connect with the capillary fringe. Nevertheless a salt crust developed, 
presumably from windblown salt. This leads to some discussion as to the 
nature of the evaporative pumping process. The water table rose in the test 
beds despite no connection being established with the infiltration. 
(x) A good deal of information has been obtained concerning the clastic tiaction, 
the evaporites, and the brines in the salty areas, and this information leads to 
some discussion of previously published views on the origin of the brines of 
saline sediments, (e.g. Patterson. and Kinsman 1982). 
-LL.&.. . - . 
(xi) mere  is evidently a need for further research of the type carried out in the 
present work in order to establish alternative means of preventing salt entering 
fill materials. Comment is made on this in a later section. 
10.2 EVAPORATIVE PUMPING 
The evidence from the test beds shows unambiguously that the sahkha water r i m  by 
capillary processes without significant change in the concentration of the main ~0 l~ t f . s .  
ratio of sodium chloride to moisture is conserved at close to 0.02. Over the period of the 
trials however, sodium chloride has become enhanced in the sediments for a few centimetrcs 
from the ground surface. This is true, even where the rising water has not reached the 
position of the introduced capillary break. This relationship is interpreted to mean that salt is 
added to the surface from dust and rain and that ultimately a salt crust can be constructed by 
this means. It is also shown that infiltration does not penetrate for much more than 40 
centimetres and that this water can be largely evaporated without u~nnection to the water - 
table or capillary fringe. The process of evaporative pumping may therefore be restricted to 
redistribution of salt produced by surface infiltration over those large areas of terrain where 
the capillary fringe is say, more than 50 centimetres from the ground surface. A salt crust can 
be produced without involvement of the groundwater even where the ground level is only 
very locally above the regional ground level. 
The evidence collected shows that the water table rose rapidly soon after the fill was placed 
on Sabkhat A1 Fasl. The water is of lower salinity than the sabkha brine and has high nitrate. 
The main part of the rise appeared a year or two after placement. Hence it is clear that the 
water in the fill was derived partly from that used in placement and partly from that used for 
irrigation and construction. Some rainfall might also be included. In areas of dunes (e.g. 
Pristine Hills), the water table became reduced by extraction and has not recovered. The 
evidence for recharge from artesian sources is therefore meagre or non-existent. The water 
table has risen very slowly after the first year or two but continues to rise, presumably 
towards a new equiptential surface. The test beds show that moisture rise takes place over a 
period of about a year, but slows considerably after a few months. It is probably continuing 
very slowly after the final measurements reported in this thesis. The amount of rise 
encountered is substantially less than that found in the main fill and the difference is 
attributed mainly to the human interference. Even though the test beds are small the water 
table has risen to above that in the surrounding sabkha. 
The daily fluctuation in water table (Figure 9.8) is of considerable interest. Sincc it occurs 
uniformly over a long period during the summer and on a very regular daily time cycle, it 
cannot be interpreted as tidal and may retlect variations in ambient conditions. Howevcr, the 
depths to the water table would prevent a rapid response to change in tcmpcrature. I n d d  the 
effect of changing surface temperature is found to be negligible at depths of a mctrc or more 
from the ground surface. To create a change in level of pure water by temperature change 
would require 1°C per 0.2 mm of rise if the whole of the upper metre o f  water saturated soil 
was warmed. The diurnal changes therefore suggest that the changes in surl'acc: u~nditions 
such as temperature, humidity, and wind spcrxi effwt a change in the moislurc UInlCnt of the 
dry surface soils, which create a corresponding variation in the capillary fringe and hen= a 
variation in the water table. It seems quite likely that this effect is generated from changes 
which occur where the water table is actually close to the surface and that the changes in the 
water table where it is deeper, reflect lateral adjustments to the changes in the shallow water 
table regime. If this is so, it suggests that there is little impedance to lateral flow within the 
soils which must be adjusted hour by hour. This ready lateral tlow also explains the rise in 
groundwater in the small test beds. 
The studies of reclaimed areas have showed that the rate of lowering of the water table in the 
summer is dependent on the depth of soil above the water table (compare figures 2.14 and 
5.15). There is recovery in the winter and this ultimately produces a seasonal oscillation of 
water table level over a given depth range. However, this cannot be ascribed to wholly local 
processes, since it is found that the infiltration does not necessarily reach the water table or 
the capillary fringe before it is lost by evaporative flow to the surface. Hence the process of 
lowering and recovery of the water table and capillary fringe is likely to relate to lateral 
adjustments from where water inflow adds directly to the water table. 
The process of water table adjustment is also complicated by the observation from the test 
beds that salt added to the soils retards the capillary rise. It may be observed that 
precipitation of salts from the capillary moisture need not be at the surface but could produce 
a cemented layer at some particular depth in the soil. This was observed in the experiments 
of French et. al. (1982). Also, the precipitation of the salt will control the relative humidity of 
the overlying deposits. Hence again, unless the surface moisture in the winter connects with 
the capillary fringe, the surface crust will not involve groundwater evaporation. Possibly 
some salt migration could occur through transference on granular surfaces in the almost dry 
layer of soil or by vapour transference. However, the experimental beds studied in the 
present work strongly suggest that the crust can be formed without needing to involve 
evaporative transference from sabkha brine. Indeed, this is in keeping with the common 
observation that salt crust sometimes appears during the day with drying and disappears with 
dew formation in the evening and overnight. This process of transformation is clearly of 
importance for the formation of inland salt deposits where, for example, simple run-off into 
topographic basins could lead to the development of salt deposits not derived tiom saline 
groundwater, but in effect leading to the formation of highly saline groundwater. 
The rate of salt enhancement in the surface layer from rainfall is significant from the 
engineering point of view. The benefits of reclamation will be lost as a result of this process. 
It is important to consider how the potential for accumulation of blown salts on the ground 
surface might be minimised. 
Sabkha water in most locations has abundant sodium and chloride ion and the ratio of Na to 
Cl is virtually constant. The amount of salt in solution however, varies substantially. The 
ratio of chloride to sodium in sea water generally exceeds unity, and in the prcsent analytical 
data give a figure of 1.42 for the ionic ratio. Hence, evaporation of Sed water to produce 
halite, if no other chlorides are precipitated, will increase the ratio of chloride to sodium, and - 
solution of halite by sea water will produce a reduction in the observed ratio. 
The analyses given by Patterson and Kinsman (1977) for inland brines show a close approach 
to a molar ratio for chloride to sodium of 1.2. Similar ratios have been found in the present 
work, but the ratio encountered appears to be independent of the distance tiom the sea with 
some low results being found from the coastal sabkhas. Presumably all that is required to 
produce this ratio is that the sea water has become enriched by solution of sodium chloride 
rather than by evaporation alone solution of salt deposits or blown salt for example will 
change the CI/Na ratio in the brine. Similarly, there is no simple geographical relationship 
between sulphate and distance from the sea. Indeed, sulphate abundance is a function of Lhe 
concentrations of sodium, magnesium and the bicarbonate ion. The cuncentration of sulphate 
ions therefore appear to reflect the varied solubility of gypsum in the various brine 
compositions. The influence of magnesium is most obvious at Sabkhat Abu A1 Hamam 
where sulphate concentration is exceptionally high and the magnesium is also exceptionally 
high. Because this area has been used for extraction of sodium chloride, it is possible that 
human interference is at least partly responsible for the odd and increasingly magnesium-rich 
composition. The ratio of sulphate to chloride is particularly low in the brines with high 
chloride, and this is in keeping with the known influence of sodium chloride in solution on 
sulphate solubility. The relationship between sulphate and the sulphate to chloride ratio is 
polynomial of the form 
where C1 is in grams per litre. This shows that as the sodium chloride concentration 
approaches saturation the sulphate level in solution becomes extremely small. Thus it 
appears that the concentration of the components in the brines retlwt their degrw of 
evaporation and the equilibrium with the precipitated evaporites, rather than the origin of the 
water. 
Consideration must therefore be given to the suggestion made by Patterson and Kinsman 
(1977) that the molar ratio of m r  is an indicator of the sourcc of the water. The observation 
Table 10.1 Chemistry of deep groundwater in the vicinity of sabkhas in the study area 
Samples 1 and 2 are irom the UER flowing wells from 35 km nokh of Sabkhat As Sarrar and some 60 km north of Sabkhat A1 Buda respectively (Job 1978) 
data are microequivalents per litre, Samples 3.4,s were collected by the author, July 1993, from deep wells, data in maitre. 
b- 
Sample 
1 
2 
3 
4 
5 
location 
Sarrar 
Buda 
As Summ 
A1 Fasl 
Ar Riyyas 
Ca 
12480 
5960 
291 
259 
231 
Mg 
6760 
3780 
105 
99 
83 
K 
245 
245 
21 
19 
22 
Na 
721 
6308 
514 
452 
456 
HC03 
3012 
2860 
187 
1 83 
171 
C1 
8789 
8052 
1034 
963 
964 
NO3 
135 
500 
6 
9 
3 0 
so3 
15197 
4819 
684 
599 
529 
Br 
11 
55 
10 
10 
10 
BrIC1 
0.001 
0.007 
0.010 
0.010 
0.010 
K+/B< 
11 
9 
4 
4 
4 
TDS 
3020 
2760 
2700 
Density 
glml 
1.00 
1.00 
1.00 
that the ratio BrICI is about 0.0034 in the marine water is supported by the present nearshorc 
sabkha brines and the local sea water cornpsition. A normal ratio was found for saline 
groundwater from Sellafield by Bath et.al. (1996). Inland sabkhas have a ratio of about an 
order of magnitude lower than this figure. Potassium follows chloride closely in the sabkha 
brines. Hence the question to be resolved is whether water is available which could be mix& 
with the brines derived by evaporation of sea water or solution of evaporites, to give a relative 
dilution of Br by some 10 times. This would require the minimum amount of water with zero - 
bromine and with high chloride to be some ten times the volume of the water derived from 
the marine sources. If the water of marine source is diluted with rainwater, there can clearly 
be little change in the ratio of potassium to bromide. Hence, the alternative source of water 
must be from an aquifer and the aquifer would be required to have a high concentration of 
sodium chloride and a low abundance of bromide. The water in Sabkhat A1 Buda appears to 
derive tiom lateral flow from the UER aquifer. The composition of this water is clearly 
extreme and has a very low bromide content. Hence, it is possible that the intermixture of 
aquifer water and marine water could produce the intermediate compositions observed in 
some of the inland sabkhas. 
Some analyses of local deep aquifer water are given in Table 10.1. Of these only that from 
Sabkhat as Sarrar has a low enough ratio of Br/Cl to produce the low inland ratios found in 
the sabkha brines and here the chloride and sodium levels are low. Overall, the results of the 
measurement of the ratios of potassium to bromide are consistent with the results of Patterson 
and Kinsman (1977), but this raises the question as to the origin of the water with high 
sodium chloride but low bromide. 
GoIdschmidt (1954) in his classical work on geochemistry, points out that bromide is 
accentuated in various evaporite phases along with magnesium and potassium in preference 
to chloride. Further, organic materials and clays take in bromide while typically excluding 
chloride. Even in salt-loving vegetation bromide is taken into the plants at a higher BrICI 
ratio than is found in the brines. There is therefore an expected potential for bromide 
fractionation in soils and vegetation and this could make a'substantial contribution to the 
reduced bromide in the inland waters. 
In a recent review (Worden (1996)) it has been shown that precipitation of sodium chloridc 
enriches the remaining brine in bromide and the bromide content of the precipitated salt is 
very low. 'Hence it seems likely that the inland low levels of bromide retltxt local 
solution/salt equilibria. Solution of wind blown salt coupled with selective absorption of 
bromide into solid phases will rduce the bromide level and increase the CI/Br ratio of thc 
brine. Since it is also found that K and Br vary sympathetically in thc solid phases the Same 
p roms  wuld account for much of the K/Br variability. 
The composition of the water is also likely to be affected by secondary cunsidcrations that 
relate to the nature of the clastic materials and the sources of evaporite from nearby country 
rocks. In the inland sabkhas for example, the terrain often has abundant carbonate and a 
source of gypsum and this contrasts with the coastal sabkhas which tend to be dominated by 
quartz and other silicates. Hence, the contrast between the coastal and inland sites arc 
interpreted as reflecting brine mixing, variation in evaporite sources relating to the local 
environment, but mainly evaporite/ solution equilibria. 
10.5 AVOIDING CONSTRUCTION AND CULTIVATION PROBLEMS 
It is evident that the salty, flat terrain described here as sabkha, is diverse in structure, 
anposition, brine type and the active hydrological and environmental processes. Before 
exploitation of an area it is therefore essential that these individual characteristics are firmly 
established. It is sometimes recommended that the surface should be covered by fill to 
protect foundations and plants. However, this study of reclaimed sabkha shows that 
reclamation using up to three metres of thickness of fill is not likely to be adequate. This 
confirms the description given by Fookes et. al. (1985). The use of capillary breaks will 
retard moisture rise, and will help to prevent the connection between infiltration and capillary 
groundwater. However, the water will ultimately convert the fill into sabkha if a uniformly 
thick layer of fill is placed on the salty surfaces. The uses of irrigation and water in 
compaction and construction will accelerate this process. 
Consideration needs to be given to methods of preventing this moisture rise and of protecting 
cultivation and buildings against rising saline water and salt crusts formed from the 
infiltration process. Further experiments of the type carried out here are crucial for specifying 
improved methods of development. With that caveat some comment can be made on 
possible improvements in the design of fill that will minimise the potential for damage. 
It may be very helpful, for example, if the fill is of variable thickness. It might even include 
some excavation of the original surfid'aces. This should lead to accelerated heal evaporative 
pumping tiom chosen areas of the sabkha which should in turn act as a break on the water 
table rise. By this means suitably placed drains will be produced which can be maintained and 
used to assess the water table levels and the water composition. A given amount of fill can 
then produce a thicker usable fill deposit than would otherwise be possible. 
h i d e r a t i o n  also needs to be given to the construction design. For example, roads may be 
stabilised and protected by the use of a small embankment and adjacent drainage, and will 
Protected particularly easily if appropriately wnstructd with a high levcl moisture hrak. 
Construction footings are more difficult to protect and n d  to be of suitable, very high 
quality materials and probably suitably coated. It is essential that protection is carried above 
ground level. Consideration might be given to designing new t y p  of construction that have 
minimal penetration into the ground and high performance drainage systems. There is cIedrly 
a need for experiment on irrigation schemes for cultivation including the use of water holding 
gels. Simple test beds of the type employed in the present work might be used to study thc 
influence of varying thickness of layers of fill and related drainage in both construction and - 
cultivation. The role of water collection from evaporation in maintaining the salt-water 
balance in the sabkha terrain should also be studied and some experiments have been initiated 
to this end. In preliminary trials it has already been shown that a high proportion of the 
water leaving the surface over given areas can be condensed and recovered for use. Both this 
and the test bed experiments must be continued. 
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